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PREFACE TO THE FIRST EDITION. 

In the following pages I have endeavoared to collect the stun of our 
practical knowledge on the use of iron, in its combination with other 
materials, in the construction of fire-proof buildings. The subject is one 
of vast public importance; and although I am conscious that in its 
investigation I have laboured under many disadvantages, occasioned by 
the frequent interruptions of professional engagements, and have not 
been able, in the limited time at my disposal, to enter as much into 
detaQ as I could have wished, — ^yet, if I have succeeded in shaping 
information into such form that the engineer, architect, or builder can 
consult it with facility and profit, I sliall have accomplisbed the end I 
bad in view. It is undeniable that great want of judgment has been dis* 
played in many examples of buildings even of very recent date ; and it 
is to be lamented that so much ignorance of those undeviating laws 
which govern the strength of materials should still prevail. Experi- 
mentalists and mathematicians have provided the knowledge ; but prac- 
titioners, I fear, have in a great degree failed to avail themselves of it. 
In the remarks on cast-iron beams, I have been much assisted by 
tbe labours of Watt, Tredgold, Dulong, and Barlow, and by the more 
recent and conclusive experiments of Professor Hodgkinson, made at 
my establishment some few years ago. The question of the strength 
of trussed girder-beams has long been one of doubt and difference of 
opinion ; but the experiments recorded in the following pages, aided by 
tbe able theoretical investigation of my friend Mr. Tate, are conclusive 
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as to their insufficiency, and the exceedingly injudicious distribution of 
material in that form. 

I conceive the most important section of the book will be that which 
is given to a recommendation of the advantages of wrought-iron beams 
or joists, in substitution of the more cumbersome and uncertain ones 
of cast iron now in general use. To this question I have devoted 
especial attention, and have endeavoured to apply the numerous 
experiments with which for some years past I have been engaged to the 
development of a principle which, if judiciously carried out, will lead to 
important changes, both of an economical and secure character, in the 
construction of fire-proof structures. The perfect efficiency of malleable 
iron beams is proved by numerous examples ; and, in my opinion, a more 
extensive adoption of them is alone wanting to excite the attention of the 
iron manufacturer, and induce that application of talent and capital which 
would speedily reduce the cost of production. 

I have devoted a separate section to a brief description of the 
magnificent establishment, approaching completion, at Saltaire. The 
vastness of its conception, and the completeness of its finish, render 
the design of Mr. Salt an honour to his name; and it has been a 
source of pride to myself to close the active service of a professional 
life in connexion with so important and so honourable an undertaking. 

W. F. 

IfAXOHBTKB, 1854. 



ERRATA. 

Page 10, note, equation (2), f^ " ^ " read " ^ ." 
„ 24, line 26, for " ^^ » read " 2?2^." 
„ 46, table, column 3, for " 5,380 " read " 5,830." 
„ 46, „ „ 4, for " 100 : 333 " read " 100 : 365." 

„ 46, line 11, for " 100 : 333 " read « 100 : 365." 

62, table, insert decimal point in column 4 — '* 1 : '551," &:c. 
84, note, after ''constant for plate-beams," insert "supported by 
brick arches or of very large size (p. 257)." 
„ 116, table, Exi>eTiment 17, columns 5 and 6, for " "160" read 

" -260." 
„ 128. This lattice-girder was designed by Mr. J. Brunless, C.E. 



that they are equally unsound in principle and dangerous in practice. 
In the section on trellis beams some additional examples have been 
added. 

In order to make the Work more widely useful and complete, I have 
added the entire section on Wrought-iron Bridges, containing such results 
of experimental research as are applicable to these constructions, also the 
mathematical formulsa deduced from them; rules for calculating the 
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strength and proportioning the parts, and examples of works either 
erected or now in course of construction. Conceiving that the plans and 
general outline of designs for crossing the Bhine at Cologne with a 
wrought iron bridge — ^which, although fully prepared, were not carried 
out — ^might be useful in the future designing of works of that magnitude, 
I have ventured to give a brief account of the origin and progress of that 
project, and of the delays, intrigues, and other disingenuous contrivances 
which led to its suppression, and the adoption of the structure now in 
course of erection. 

Several errors which had crept into the former edition have been 
rectified, and I hope that the same favourable consideration which was 
so liberally extended to its predecessor may be granted to the present 
edition. 

W. F. 

ICarohsstxb, OOobeft 1857. 
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EXPERIMENTAL RESEARCHES. 



PART L 

ON CAST-IBON BEAMS POE SUPPOETING THE FLOOES OP 

BUILDINGS. 

The exact time at which cast iron came into use appears to be 
very micertain ; but we read of its application for casting cannon 
shortly after the invention of gunpowder. During the days of 
Savery and Newcomen it was partially used in the constniction of 
their steam-engines and pumps ; and shortly after Newcomen's 
invention, his cylinders were made of it. Its value was also appre- 
ciated at an early period by Smeaton, who, according to Tredgold, 
combated the prejudices against it, " upwards of forty years ago," in 
the foUowiDg language : 

"If the length of time of the use of these cast-iron utensils is not 
Bofficient, I must add, that in the year 1755, that is, twenty-seven years 
ago, for the first time I applied them as totally new subjects, and the cry 
then was, that if the strongest timbers are not able for any great length 
of time to resist the action of the powers, what must happen from the 
brittleness of cast iron ? It is sufficient to say that those very pieces of 
cast iron are still at work, but that the good effect has in the north of 
England, where first applied, drawn them into common use, and I never 
heard of one failing." 

At the time Smeaton wrote, the art of casting in iron was very 
imperfect, and we have seen to what varied and extended uses it has 
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since been applied. The resisting powers of the material, however, 
have not increased with the extent of its application. On the 
contrary, I much fear that it has deteriorated in quality ; not from 
want of knowledge in the process of smelting, or skill in the treat- 
ment of the ores, fuel, &c., but simply from a desire to lessen the 
cost of production. Cast iron may doubtless be obtained of great 
strength and purity at the present day, but these qualities are often 
accompanied by others, which render its application in beams and 
other heavy structures hazardous. Smeaton, Wilkinson,* Watt, 
Rennie, Murdock, Telford, and other celebrated engineers, materially 
improved the art of casting, and extended its application to the 
steam-engine, millwork,t bridges, and machines. 

The first instance on record of the successful application of cast- 
iron beams to the purposes of building, is that of a fire-proof cotton- 
mill, erected by Messrs. Philips and Lee of Manchester. This mill 
was built in the year 1801 ; the iron beams and columns were 



* " One of the boldest attempts with a new material was the application of 
cast iron to bridges. The idea appears to haye originated, in the year 1773, 
with the late Thomas EamoUs Pritchard, then of Eyton Turret, Shropshire, 
architect, who, in communication with the late Mr. John Wilkinson, of Brosely 
and Castlehead, ironmaster, suggested the practicability of constructing wide 
iron arches, capable of admitting the passage of a river, such as the Severn, 
which is much subject to floods. This suggestion Mr. Wilkinson considered 
with great attention, and at length carried into execution between Madeley and 
Brosely, by erecting the celebrated iron bridge at Colebrook-dale, which was the 
first construction of that kind in England, and probably in the world. This 
bridge was executed by a Mr. Onions, with some variations from Mr. Fritchard's 
plan, under the auspices and at the expense of Mr. Darby and Mr. Beynolds, of 
the iron works at Colebrook-dale. Mr. Pritchard died in October, 1777. He 
made several ingenious designs, to show how stone or brick arches might be 
constructed with cast-iron centres, so that the centre should always form a 
permanent part of the arch. These designs are now in the possession of Mr. 
John White of Devonshire Place, one of his grandsons, to whom I am indebted 
for these particulars." — Tredgold on the Strength of Cast Iron. 

t On the occasion of a visit to Soho, near Birmingham, upwards of 
twenty years ago, Mr. W. Murdock showed me one of the first bevil-wheels cast 
from iron. It supported a sun-dial in the front of his house ; and I believe he 
stated it to have been cast in Ayrshire, from patterns made either by himself 
or by his father, who was a miller and millwright. 
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Fig. 1. 
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designed by Messrs. Boiilton and Watt, and were of the following 
sectional dimensions at the middle. 

This beam (fig. 1) was the first of the kind made, and considering 
the limited state of our knowledge at that period, 
it reflects great credit upon the skill of the de- 
signer. If we apply Mr. Hodgkinson's rule to it, 
we shall find that, in the absence of experiment, 
Watt had made a tolerably correct approxima- 
tion to the true proportion of the parts of the 
beam, so as to secure a maximum strength with a Sttoi^Sigt^^J^a^^^ 
given quantity of material.* 

Pig. 8. 




*3;:> 




• If we take the area of the bottom flange to be 4*06 inches, the depth of 
the beam in the middle 13i inches, and the distance between the supports 

14 feet, then, by Mr. Hodgkinson's formula, we have W = — ^ = 8*32 

tons =: the breaking weight in the middle. But assuming that the same 
quantity of metal was run into the form of greatest strength, as at ^is 2 
A, fig. 2, we shall then have an area for the bottom flange = 7'5 

26 X 7'5 X 18*25 
mches, which gives W = j^g = 15-3 tons, nearly ; that is, 

a breaking weight nearly double that of the original beam. It is 

probable, however, that Messrs. Boulton and "Watt's beam would 

carry upwards of 10 tons, owing to the greatly increased thickness 

of the vertical part of the beam, which, it will be observed, is nearly double 

that of a beam of maximum form and strength. 

b2 
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The mill is a large building of about 140 feet long, 42 feet wide, 
and seven stories high. It contains about 648 square yards on each 
floor; and the iron beams which extend across the building, from 
wall to wall, at regular distances of 9 feet, are divided into three 
lengths (A, A, and B), as shown on the plan and section, figs. 3 
and 4. 



Fig. 4. 




The following woodcut (fig, 5) exhibits a longitudinal section of 
portions of the basement and first stories of the mill, with sections of 
the iron beams and arches. The arches E, E, E, &c., are 9 inches in 



Fig. 5. 
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depth at the springing, 1\ inches at a short distance on each side, 
and a half brick, or 4^ inches, in the middle. Altogether the 
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experiment — considering the construction of such buildings at that 
time — ^was eminently successful, and became the pioneer of that 
system of fire-proof structure which now distinguishes the manu- 
factming districts of this country. 

From 1801 till 1824 Uttle or no variation took place in the fonn 
of beams, and for a quarter of a century Messrs. Philips and Lee's 
mill offered the model for similar buildings. In the year 1827 Mr. 
Hodgkinson commenced his well-known inquiry into the strength of 
iron beams at my works in Manchester ; and for many years after- 
wards he carried on these and other experiments with great success. 
The economising of material was of such evident importance, and 
the experimenter's views were so rational, that the requisite means 
for the most thorough investigation of the subject were at once 
placed at his disposal. The results of these experiments are 
embodied in the valuable papers which have appeared in the 
Memoirs of the Manchester Philosophical Society, Second Series, 
vol. v. 

Previous to Mr. Hodgkinson's investigation I had the construction 
of several extensive fire-proof buildings, one for Messrs. Gott of 
Leeds, and another for Mr, Wood of Bradford; and entertaining 
doubts as to the security of the cast-iron beams, a series of ex- 
periments were made on a large scale, in order to give confidence in 
the safety of the constructions. The results of these experiments, 
which are here inserted, showed that the area of the bottom flange 
should be increased, in order to obtain a stronger and better 
sectional form than the one used by Boulton and Watt at Philips and 
Lee's mill. In making the experiments, I found it necessary, in 
order to arrive at correct results, to ascertain the deflections of the 
heams as the weights were laid on : this was accomplished by piling 
dead weights on a platform, suspended from the centre of the beam. 
This platform was attached to a strong shackle with an open side, for 
the purpose of removing and admitting the beam ; and thus, by a 
saddle and screw, the weights were lowered or raised at pleasure. 
The following flgure represents a side view of the beams, the ribs 
at the bottom of which Tvere, as usual, of uniform width and 
thickness. 
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Experiments made at Leeds in 1824. 
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Fig. 6. 
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Fig. 7. 



Experiment I. 

Distance between the supports, 14 feet. 
Depth of beam in the middle, 15 inches. 
Depth of beam near the ends, 9^ „ 

Weight of beam (taken from the average weights of 
several beams from the same model), 7 cwt. 3 qrs. 
20 lbs. 

Dimensions of section. 

Thickness at A = f inch. 
» C = 1 „ 

DE = 1 „ 
FE = 5 inches. 




Weights. DeJQiections in parte of on inch. 



Remarks. 



4 tons. 10 cwt. 
6 „ „ , 

10 „ „ , 

11 „ 4 „ , 



12 



10 



0-21 

•278 

•48 A little warped. 

'^S7 ( ^^^ ^^^ ^^^^ ^^ beam pressed considerably 
( out of perpendicular. 

'665 ( ^^^ pressure outward much increased, and 
( danger of breaking. 



The experiments on this beam were not performed with the same 
accuracy as those subsequently made at Leeds and Bradford ; it was 
nevertheless tested with considerable care. 



Experiment II. 

Distance between supports, 16 feet. 
Depth of beam in middle, 15 inches. 
Depth of beam near ends, 10 „ 
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Dimenaions of section (see last Fig.). 
Thickness at A = -J inch. 
„ C = If inches. 

DE = 1| „ 
FE = 6 „ 

Weights. DeflectiOQS in parts of an inch. 

6 tons cwt 0-2 

8 „ 5 „ -28 

11 „ „ -4 

13 „ 5 „ -475 

16 „ „ -55 

18 „ 5 „ -675 

21 „ .0 „ -85 

23 „ Broke, after sustaining the weight two hours. 

Four other beams were tested ; they were, however, more or less 
imperfect, and broke two or three feet from the centre, where the 
flaws happened to be. 

Eosperiment made at Bradford in 1825. 

Distance between supports, 20 feet 9 inches. 
Depth of beam in middle, 18 inches. 
Depth of beam near ends, 11^ „ 

Dimensions of section in incbes. 
Thickness at A = 1 inch. 
„ C = 1^ inches. 

DE = H n 
FE = 6 „ 

WdghtB. Defleotions in parts of an inch. 

13 tons 116 

18 „ 1-25 

19 „ Broke, after sustaining the weight some time. 

The experiments here recorded, taken in connection with those 
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subsequently given in Mr. Hodgkinson's paper, may probably be 
considered as the first attempts to improve the design of cast-iron 
beams, since their first application in Philips and Lee's mill. About 
this time, 1824, Tredgold pubUshed the second edition of his work 
on the strength of cast iron ; and his experiments on the transverse 
strength of that material must have been made two or three years 
previously. The only experiment then made by Mr. Tredgold which 
at all bears on the present inquiry is that recorded in Experiment I., 
which, for the sake of comparison, is here inserted. 

" A joist of cast iron, of the form described in fig. 8, was submitted 
to the following trials. It was placed on its edge, and 
supported at the ends only, the distance between the 
supports being 19 feet. The deflection from its own 
weight was three-fortieths of an inch. • 

" When it was laid flatwise, the deflection from its own 
weight was 3" 5 inches, the distance of the supports re- 
maining 19 feet. 

" The whole depth, a d, was 9 inches ; the breadth, a 3, 
2 inches ; the depth of the middle part, e /, 1\ inches ; and the 
breadth of the middle part three-fourths of an inch. 

" It may be easily shown, that to derive the value of a from the 
experiment on the edge, we may use an equation of this form : 

40 BD»i (1 — y'g) _ 64 BD»J (1 —p'q) 

in which D is the whole depth, and pD the depth of the middle 
part, and B the whole breadth, and qH the breadth, after deducting 
that of the middle part. 

"In our experiment D = 9 inches, and j»D = 7-5, or jt7 = -833. 
Also, B = 2 inches, and deducting three-fourths, the breadth of. the 
middle, we have 5^8= 125, or §'=•625. And the weight of the 
part of the joist between the supports being 540 lbs., we find 
a =-00124. 

" The equation for finding the value of a in the experiment with 
the joist, flatwise, is 
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where 

D=2 inches, B = 9 — 7b=r5,j!?=^, and g^j:^- 

" I consider the value of a, derived from the experiment with the 

joint flatwise, as nearest the truth, because the deflection was so 

considerable, that a small error in measuring it would not sensibly 

effect the result, whilst there must be some uncertainty in ascertaining 

so small a deflection as three-fortieths of an inch in 19 feet ; and a 

very small error in this measure would cause the difference between 

the results. I have, however, given it as I determined it at the time, 

and the manner of calculation may be useful in other cases. If the 

mean be taken between the results, it is 

• 00124 x*00092 _.QQj^QQ 
2 

In the experiment, flatwise, we obtain a constant multiplier extremely 
near to that determined from a bar of the same iron an inch square 
and 34 inches long, and it differs only about one-twelfth part from 
the one employed for calculating the table.'* 

It is to be regretted that Mr. Tredgold did not break this beam, 
instead of simply ascertaining the deflection from its own weight. 
As Mr. Tredgold adopted the beam with equal flanges, top and 
bottom, and recommended it as the strongest and best form for 
supporting the floors of buildings, it will be necessary for me to show 
the inaccuracy of such a conclusion, and to give the progressive 
improvements that have since been made, by introducing a few of the 
more interesting experiments of Mr. Hodgkinson,* to whom science 
and the pubhc are assuredly indebted for the section of greatest 
strength. 

Experiment I.f 

Beam with equal rib at top and bottom. 

Distance between supports, 4 feet 6 inches. Depth of beam 5| 
inches. 



• The extracts from Mr. Hodgkinson's paper, in the Memoirs of the Mau- 
cliester Philosophical Society, are embraced between pp. 9 and 24. 

t All the sections in these experiments are laid down of one-fourth their real 
lineal dimensions. 
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Fig. 9. 



Dimensions of cross section, at place of fracture, 
in inches and parts. 

Area of top rib . ... . = 175 x 42 = -735 
Area of bottom rib . . = 177 x -39 = -690 
Thiclaiess of vertical part, between ribs . = '29 

Area of above section = 2'82 

Weight of casting = 36|- lbs. 

Breaking weight = 6678 lbs. = 59 cwt. 70 lbs. 



The form of fracture is represented by the line bur, fig. 10, where 
tr= "6, and d » = 2"5, the figure being a side view of the beam. 

Fig. 10. 





To find the strength per inch of cross section, we have, dividing 

fifi7S 

the breaking weight by the area, -2:02"^^^^ ^^^' P^^ ^^^^* ^^ *^^ 
quantity in each beam may be taken as an index of its strength, we 
shall use it to compare the strengths of those beams which are of 
the same length and depth, which is the case in the following 
experiments.* 



• From the author's Treatise on Tubular Bridges, p. 280, we have 

where A is put for the area of the section of the material in square inches, d the 
depth in linear inches, I the distance between the points of support in linear inches, 
and C a constant determined by experiment for the particular form of the tube. 
Hence we find <rrr7 

The value of G, determined for different forms of beams, gives us their com- 
parative strength. 
Now, for beams of the same length and depth, we have 

C = J...(3) 

that is, the comparative strength of beams of this description is found bj 
dividing their breaking weights by their sectional area. 
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Comparing this with the result from Experiment IV., where the 
beam bore 2584 lbs. per inch, we find 2584—2368 = 216 = defect. 

/. loss in strength =0554;" '^^^ ^^ 12 ^®^^^y> ^ parts of what the 
common beam bore. 

This is essentially the form of section which Mr. Tredgold has re- 
presented to be that of the strongest beam, whilst the elasticity is 
perfect. Our future experiments will sufficiently show that this is 
not the case. 

Experiment II. 

Beam with areas of section of top and bottom rib as 1 to 2. 

Distance between supports, 4 feet 6 inches. Depth of beam, 6^ 
inches. 

Dimensions of cross section. 

Area of top rib . . = 174 x 26 = '45 inches. 

Area of bottom rib . = 178 x 55 = 98 „ 

Thickness of vertical part . . . = '30 „ 

Area of cross section .... =287 „ 

Weight of casting =39 lbs. 

Breaking weight = 7368 lbs. = 65 cwt. 88 lbs. It 
broke obliquely about four inches from the middle, the top 
inclining to it. 

The form of fracture at top of the beam was nearly the same 
as in Experiment I. ; here ^r = "55 inches : see second figure to that 
experiment. 

To find the strength per inch of section, as in the last experiment, 

we have -^:^ = 2567 lbs. per inch. Comparing this with the result 
of Experiment IV., we find 2584-- 2567 = 17 = defect. 

17 1 

.". loss in strength = ^^ = '0066 or j^. 

Experiment III. 

Beam with top to bottom rib as 1 to 4. 

Distance between supports, 4 feet 6 inches. Depth of beam 5^ 
inches. 
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Fig. 12. 



Dimensions of cross section in inches. 




= 107 X 
= 21 X 
= -32 
= 302 

= 40 lbs. 



•30= -32 
•57 = 1-2 



Area of top rib . . . 

Area of bottom rib . . 

Thickness of vertical part 

Area of cross section 

Weight of casting . . 

Ultimate deflection, upwards ^ of an inch. 

Breaking weight = 8270 lbs. = 73 cwt. 94 lbs. It 

broke nearly in the middle. 

Dividing the breaking weight by the area gives the strength per 
8270 

inch of section = ■^:^ = 2737 lbs. But Experiment IV. gives 2584 

lbs. per inch. 

Hence 2737—2584 = 153 = excess. 



153 1 

•. gain in strength 2534 = 17 ^^^^7- 



' Experiment IV. 

Beam cast in the common form from Messrs. Fairbaim and Lillie's 
model. Distance between supports and depth of beam as before. 

Dimensions of section in ioches. 
Thickness at A = '32 
B= -44 
C= -47 
FE = 2-27 
DE= -52 
Area of section = 3*2 inches. 
Weight of casting = 40^ lbs. 
Deflection with 5758 lbs. -25 inches. 

7138 lbs. -37 „ 
Breaking weight = 8270 lbs. 




The beam twisted a little before breaking : this was not usually 
the case in the other beams from the same model. 
Form of fracture as in figure, ^r = '75. 
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Pig. 14. 




8270 



Strength per inch of section = -^:^ = 2584 lbs. 



All the preceding experiments were made on beams cast on their 
side from iron, of which the following is a description. 

Mdctvbs. 



^ofBlaina, No. 2,] 
^ of Blaina, 



1, No. 2,1 
a, No. 3, J 



Welsk 



^ of WSS, No. 3, ShropBhire. 
This mixture is a strong iron, and therefore well suited for beams. 
In the following experiments the beams were cast erecty but upside 
down, as there is an accession of strength from that cause. 

Experiment IX. 

Ratio of the ribs, 1 to 4^ nearly. 

Distance between supports and depth, as before. 



Dimensions of section in inches. 



Pig. 15. 



Area of top rib ... . 
Area of bottom rib . . . 
Thickness of vertical part 
Area of section . . . . 
Weight of beam . . . 



= 105 X -34 = 0-357 

= 308 X -51 = 1-570 

= -305 

= 3-37 inches 

= 44|lbs. 




Breaking weight 10727 lbs. = 95 cwt. 87 lbs. 

It broke by tension, 4 inches from the middle, but slanting towards 
it I and there seemed to be a small flaw in the bottom rib at the 
place of fracture. Here tr = '6 inch (see fig. 10). 

10727 

Hence strength per inch of section = ^ ^ = 3183 lbs. Com- 
paring this with the result of Experiment X., gives 3183 — 2792 = 
391 = excess. 

.*. gain in strength = ^^ = 7- nearly. 
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Remark. Though this beam had a larger bottom rib, it never- 
theless broke by tension, or by tearing the bottom part first, which 
was evident, as it had neither been crushed nor broken by a wedge. 
This I had noticed to be the case in every experiment. There had 
been gained -J- in strength, above that of the common beam, by the 
addition ahready made ; and it was probable we might add still more 
to the lower rib without danger of fracture by compression ; for in 
no case, except of the common beam, which sometimes twisted before 
it broke, had there been the slightest appearance of over-compression. 
This idea will be pursued in our future experiments. 

Experiment X. 

Common beam, cast upside down, in the usual manner. 
This, like the rest, was from the same model as that in Experiment 
IV. 

Distance between supports as before. 

Dimenaions of section in inches. (See fig. 13, Experiment IV.) 
Thickness at A = '29 
B= -425 
C= -46 
FE = 2-3 
DE= -53 
Area of Section =316 inches. 
Weight of beam = 40^ lbs. 
Breaking weight = 8823 lbs.* 

It broke 1^ inches from the middle. The form of fracture was 
nearly as in Experiment IV. ; here bn=^2'2b and tr =*8 (see fig. 12). 

8823 
Hence strength per inch of section = g:Tg = 2792 lbs. 

V * The castings in Experiments IX. and X. were broken at 4 feet distance 
between props, on account of defects near the end of the castings ; the weight, 
however, was laid on the middle, 3 inches being taken off each end. The real 
breaking weights were 12068 and 9926 respectively ; those given above being 
the reduced ones to a span of 4 feet 6 inches. From this cause the deflections 
are neglected. 
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In the fonowing experimented the bottom rib is considerably 
increased, agreeably to remarks made on Experiment IX. ; but lest 
the top rib should be overpowered, and by its compression the point 
of support be thrown lower down the beam, and consequently the 
beam weakened, the top rib was a little strengthened likewise. 

The bottom rib will continue to be increased by small degrees, 
till such time as the beam breaks by compression, or by the separar 
tion of a wedge ; at which point, perhaps, we shall have arrived at 
nearly the strongest form of section, for the same depth of beam and 
quantity of section. 

Experiment XI. 

Beam from model of Experiment IX., only its top and bottom ribs 
altered as above. 
Ratio of ribs 1 to 4 nearly. 
Distance between supports and depth as before. 

Dimensions of section. 
Area of top rib = 1'6 x -315 = 05 inches. 
Area of bottom rib = 4-16 x -53 = 22 „ 
Thickness of vertical parts . . = 38 „ 

Area of section =450 „ 

Weight of beam ==57 lbs. 

Deflection with 11186 lbs. '4 inches. 

12698 „ -45 „ 

13706 „ -52 „ 
Breaking weight = 14462 „ =129 cwt. 14 lbs. 
It broke by tension 1 inch from the middle ; 6n ==2'b inches (see 

% 10). 

. . 14462 

Hence strength per inch of section = -^rr- = 3214 lbs. Comparing 

this with the result of Experiment XIII., which bore 2693 lbs. 
per inch — 

3214 — 2693 = 521= excess. 

621 
.-. Gain in strength =2693~ ^ nearly. 
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We may seek for the gain by comparing the weights of the two 
beams, and the quantities they bore:* thus, in Experiment XIII. 
the weight of the beam was 41 lbs., and it broke with 8942 lbs. ; 
and the weight of this beam is 57 lbs., and its breaking weight 
14462 lbs. ; hence 41 : 57 : : 8942 : 12481 = weight this beam 
should have borne, according to the strength of the common beam ; 
but it actually bore 14462. 

.-. 14462 — 12431 = 2031 = excess, 

2031 
and gain in strength = 10431 ^ ^ nearly. 

EXPEBIMENT XII. 

The model of this beam differed from the last in having a broader 
bottom flange. 

Ratio of ribs 1 to 5i nearly. 

Distance of supports as before. Pig. 17. 



Dimensions of section in inches. 
Area of top rib = 156 x -315 = 049. 
Area of bottom rib = 517 x -56 = 289. 
Thickness of vertical part = "34 inch. 
Area of section = 5 inches. 
Weight of beam = 67^ lbs. 

* Let to = the weight of a beam of uniform dimensions, 11;'= the weight of a 
cubic foot of iron, then we readily find from Ex. I. p. 10. 

W__d ^C dC' 

W P 

' , ' C = --. - 
vf' d 

where the value of C determined by experiment for any particular form of beam, 
enables us to ascertain its comparative strength. 
If I and d are constant, then 

Similarly we have, 
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WeighU in Ilw. 








Deflaotion*. 


8288 -24 inches 


12698 . 








. -36 „ 


13706 . 








•40 „ 


14210 . 








. -42 „ 


15218 . 








. -45 „ 


15722 . 








•48 „ 


16226 . 








•49 „ 


16730 . 








•53 „ 



With this last weight it broke, after having borne it some minutes. 
It broke by tension very near the middle, 16730 lbs. = 149 cwt. 
42 lbs. 

Hence strength per square inch of section = — r— = 3346 lbs. 

Comparing this with the result of Experiment XIIL, we have 
3346— 2693 = 653 == excess. 

653 
.-. gain in strength = ^^ = "242 = ^ nearly. 

Seeking for the gain, by comparing the weight, 67^, of this beam, 
and its breaking weight, 16730, with the weights, 41 and 8942, in 
Experiment XIIL, we have, as in the last experiment, 41 : 8942 : : 
67^:14667. 

.-. 16730 — 14667 = 2063 = excess, and gain in strength = ^^ 

= i nearly, which is considerably less than that given above, on 
account of the great weight of the bottom rib ; it being uniform in 
size through its whole length of 5 feet. 



Experiment XIII. 

Beam of the common form, from the same model as the others. 
Distance between supports as before. 

vbich expresses the comparative strength of any two beams of the same length 
and depth. 

Taking the above example, we have 

C 14462x41 . , 

that is, the comparative gain of strength is ^. 

o 
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DimenaioiiB of section in inches (see fig. to Experiment IV.). 
Thickness at A = '29 
B= -425 
C= -53 
DE= -565 
FE = 2-34 
Area of section = 332 inches. 
Weight of beam = 41 lbs. 

WeigfaU in Ibi. Deflectaoni in ports of an inch. 

7598 -4 

8494 -43 

8942 -47 

With this weight it broke, after standing a few minutes. It 
broke 1^ inches from the middle. 

Hence strength per square inch of section = ^^gs = 2693 lbs. 

The beams in our future experiments were of equal height through- 
out their whole length (fig. 19), and had their top and bottom ribs 
uni£3rm in thickness, but tapering in breadth towards the ends, the 
bottom rib being parabolic. 



Fig. 18. 



EXPBEIMENT XIX. 

Distance of supports, 4 feet 6 inches ; depth of beam, 6^ inches, 

as before. 

Dimensions of cross section in inches. 

Area of top rib = 233 x -31 = '72. 

Area of bottom rib = 667 x -66 = 44. 

Thickness of vertical part = 266. 

Area of section = 6 4, or 6f inches. 

Weight of beam = 71 lbs. 

This beam broke in the middle by com- 

I pression, with 26084 lbs., or 11 tons 13 cwt., 

a wedge separating from its upper side. 

The weights were laid on gradually, and the beam had borne 

within a little of its breaking weight a considerable time, perhaps 

half an hour. 
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The form of the firacture and wedge is represented by figure 19, 
shewing a side view of the beam, where en/ia the wedge, e/ = 61 
inches, /» = 3'9 inches, angle en/eA, vertex = 82^ 

It is extremely .probable, from this fracture, that the neutral axis 
was at «, the vertex of the wedge, and therefore at three-fourths of 
the depth of the beam, since 3*9 inches = J ^ 6^ inches nearly. 

* J y 



\^ 1 



Fig. 19. 

OliA Qyt. 

Hence, strength per square inch of section = -^:j- = 4075 lbs., 

which is much greater than that in any of our former experiments. 

Comparing this result with that of the common beam in Ex- 
periment XXII., which was cast with these, and which bore 2885 
lbs. pCT inch, we have 

4075 — 2885 = 1190 lb8.= excess. 

1190 

.*. gain in strength from the section = ^ggg = 41, or upwards of 

two-fifths of what was borne by the common beam. 

The quantity of metal saved, through the section, would be repre- 
sented by the above excess, 1190, divided by 4075, the quantity 

which the beam bore per square inch of section. 

1190 
.-. saving of metal from section = ^^ = -292, or i^o nearly. 

If we compare the strengths of this beam, and that in Experiment 
XXn., by the weights, we shall have the saving in metal, through 
the section and general form of the beam conjoined = *377. 

Thus we have, by constantly making small additions to the bottom 
rib, arrived at a point where resistance to compression could be no 
longer sustained ; but it was not till the bottom rib had considerably 
more matter in it than double the rest of the beam there, the bottom 
rib being to the rest as 4*4 to 183, and to the top rib as 6 to 1. 
Still the top rib was not crushed, nor did it exhibit any signs of 
weakness. The fracture took place by the vertical part of the- beam 
becoming torn by the opposite forces of tension and compression 
round the neutral axis. 

c2 
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The great strength of this section is an indisputable refutation of 
that theory which would make the top and bottom ribs of a cast-iron 
beam equal. 

EXPEBIMENT XX. 

Beam from the same model as that in the last experiment. 
Distance between supports as before. 

Dimensions of section in inches (see fig. last Experiment). 
Area of top rib = 23 x -28 = '64. 
Area of bottom rib = 663 x -65 = 4-31. 
Thickness of vertical part = '335. 
Area of section, 6 5, or 6^ inches. 
Weight of beam = 74f lbs. 



weigbtBinib. ^'^^riisr^ 


Beturned to 
(weiglits taken off) 


9328 . 


. -22 . 


. -0 


11397 . 


•24 . 


. -0 


12777 . 


•25 . 


. 


14345 . 


•26 . 


. 03 


15913 . • . 


•30 . 


. 04 


17481 . 


•34 




18265 . 


•36 




19049 . 


. -38 




20617 . 


•43 




22185 ; 


. -47 




22969 . 


. -48 
•50 





It broke in the middle of the beam by tension with 23249 lbs., 
or 10 tons 8 cwt. nearly. 

This is considerably less than what the former beam bore, though 
its bottom rib, in which the tensile power of this form of section 
almost wholly lies, was not much different. The iron must therefore 
have been weaker. 

Strength per square inch of section = — — = 3576 lbs. 
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Companag this with the result of the common beam in Experi- 
ment XXII., which bore 2885 lbs. per inch, we have 3576—2885 = 
691 = excess. 

.'. gain in strength from section = ^gos ^ '236, in terms of what 

691 

the common beam bore ; whence the saving in metal = gg=g = one- 
fifth nearly. 

If we compare this beam with the common one, by their weights, 
the saving of metal will be '26, or upwards of one-fourth. 

The thickness of the vertical part of the beam, in Experiment 
XIX., was "266, and in this experiment -335 ; we might therefore 
have increased the bottom rib of this beam in the ratio of 335 to 
266, or by one-third nearly. With this distribution of the material 
it is probable that the beam would be upon the point of yielding to 
extension at the instant it was yielding to compression, or it might 
have yielded by the rupture of the vertical part, as in Experiment 
XIX. And thus a much greater excess of strength than that above 
found would have been obtained. 



Experiment XXI. 

This was on an elliptical beam, from the same model as that in 
Experiment XII., the bottom rib being ftirther increased, and being, 
as in them, of equal breadth through the whole length of 5 feet. 

Distance between supports as before. 



Dimensions of section in inches. 
Area of top rib = 154 x 32 = 493. 
Area of bottom rib = 6-50 x 51 = 3*315. 
Thickness of vertical part = 34. 
Batio of ribs, 6^ to 1. 
Area of section = 5'41. 
Weight of beam = 70f lbs. 



Fig. 20. 




Weights in lbs. 

9327 . 
10707 . 



Deflections in parts 
of an inch. 

. -26 . 
. -27 . 



Beturaed to 
(weights taken of 

. 
. 
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Weights in lbs. 




De&eotioiM in puts 
of »n inch. 


Betaraedto 
(weight taken off) 


11397 . . . -28 . 


. 


12087 






•30 . 


. 


12777 






. -31 . 


. 


14345 






. -34 . 


. 


15913 






•35 . 


. 


16697 






•42 . 


. 06 


17481 , 






•43 • 


. 06 


19049 






•46 




19833 






. 50 




20617 . 






•54 





It broke very near the middle, by tension, with 21009 lbs., or 
9 tons 8 cwt. nearly. 
Form of fracture nearly oa dnr'm figure ; dn = l'S inches. 




y 



12: 




I 

Fig. 21. 



T"*T 



tS 



21009 



Hence strength per square inch of cross section = -r:7r- = 3883 lbs. 



5-41 

Comparing this with the result from the common beam in Experi- 
ment XXIL, which bore 2885 lbs. per inch, we have 3883 — 2885 

= 998 = excess. 

998 
Hence gain in strength = ^^ = 345, in terms of what the 

common beam bore ; or giving a saving in metal from section =:= 

998 

gggg = -257, or upwards of one-fourth. 

If the comparison be made by their weights, the saving in metal 
will be only '23, which is less than it would have been had the ends 
of the beam been formed as in the preceding ones (XIX. and XX.), 
the bottom rib of this being all of one breadth and thickness, and 

5 feet long, although the distance of the supports was only 4 feet 

6 inches. 
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EXPEEIMENT XXII. 

This beam was of the common form, from the same model as 
before, for comparison with the three preceding ones. 
Distance between supports as before. 

Dimensions of section in inches. 
Thickness at A = SO 
B= -42 
C= -45 
DE= -51 
FE = 2-28 
Area of section = 3*17 inches. 
Weight of beam = 40 lbs. 

This beam bore 8965 lbs., and broke in the middle with consider- 
ably less than 9327 lbs., a man supporting part of this extra weight 
by a lever. This accident prevented the exact determination, but I 
believe 9146 lbs., the mean between the numbers above, to be very 
near the breaking weight, perhaps rather above it. 

9146 
Hence strength per square inch of section = ■g:T=- = 2885 lbs. 




Mule for Strength of Cast-iron Beams. 

Comparing the results of experiments 9, 11, 12, 19, 20, and 21, 
and aDowing for difference of iron, as indicated by the beams of the 
common form cast with the others for comparison, I find that the 
strength is nearly in proportion to the size of the bottom rib or 
flange ; a bottom rib of double size giving nearly a double strength. 
And the subsequent experiments shew the strength to be nearly as 
the depth, every thing else being equal.* Therefore in different 
beams, whose length is the same, the strength must be as their 
depths multiplied by the areas of a middle section of their bottom 

* At the same time it is important to bear in mind, that these formnlffi are 
only strictly true in relation to similar beams. This theoretical deduction is 
fully confirmed by the results of the foregoing experiments. 
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ribs ; and where their lengths are different, the strengths will be as 
the product divided by the lengths, 

. . vv ^ , 

where W = the breaking weight in the middle of the beam, a = the 
area of a section of the bottom rib in the middle of the beam, d = 
the depth of the beam, / = the length or distance between the 
supports, and c = a quantity nearly constant (= 26) in our best form 
of beams, and which will be supplied by taking the mean of the 
preceding experiments. 

Example. — What weight laid on the middle of one of the main 
beams in the railroad bridge crossing Water Street, Manchester, 
would be required to break it, supposing it cast erect, and of the 
same iron as we have used in the experiments, the dimensions from 

the model now constructing by Messrs. 

Fairbaim and Lillie being as follow : — 

Distance between supports 26 feet or 
312 inches. 

Depth of beam in middle 27^ inches. 

Area of section of bottom rib in middle 
16 X 3 = 48 inches. 

Form of section of beam nearly the 
same as annexed figure. 

Referring to the formula we have 

/=312, rf=27-5, « = 48 

.'. W, the breaking weight, 

^ 26xax._ 26X48X27:6 ^ ^^^ ^^^^^» 



Fig. 28. 







312 



In the preceding experiments Mr. Hodgkinson, in arriving at the 



* The foUowing formula, given by Mr. Tate in his treatise ^^ On the Strength 
of Materials," is derived on the hjrpothesis that the areas of the top and bottom 
ribs are to each other in the inverse ratio of the force of compression to that of 
extension in the particular beam : 

wWe a =: the area of the bottom rib, « , = the depth of the bottom rib, e = the 
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strongest section, compares nearly the whole of the results of his 

experiments with those obtained from the improved beam previously 

adopted by Mr. LiUie and myself. These comparisons, or the 

strength of each beam per square inch respectively, may, however, 

be accurately obtained from the following table, which exhibits the 

weight, area of section, distance between the supports, breaking 

weights, &c., of the diflferent beams which were in use for several 

years previous to the time at which Mr. Hodgkinson*s experiments 

were made : — 

Table. 



No. of 
experi- 
ments. 


Weight 
ofbeam 
in lbs. 


Distance 
between 
supports. 

ft ins. 


Area of 
section 

in 
inches. 


Deflec- 
tion in 
inches. 


Breaking 
weight 
in lbs. 


Strength 

per 

square 

in. of 

section. 


RncAKu. 

1 


1 


36i 


4 6 


2-82 




6,678 


2368 


C2 


p Tredgold^s sec- 
tion of equal 
flanges top and 
bottom. 

77^ 


4 

7 


401 
38 


4 6 
4 6 


3-20 
2-98 


43 
•63 


8,270 
9,503 


2584 
3188 


i Fairbaim*s aec- 
1 tionofl825with 
Wi single flange. 


Mean. 


39:^ 


4 6 


313 


•53 


8,886 


2886 


19 
20 

Mean. 


71 
74i 


4 6 
4 6 


6-4 
6-6 


•66* 
•50 


26,084 
23,249 


4075 
3576 


J 


® Hodgkinson's 
section of great- 
est strength, 
with areas of 

k^Zm\ flangesasCtol. 


72-82 


4 6 


6-45 


•53 


24,666 


3825 


m^.^^ 



depth of the top rib, d = the whole depth of the beam, I = the distance between 
the Bupports, and W= the breaking weight in tons. 
Taking the abore example, we hare, 0^=48, tfj=3, ^=1, i=27|, /=312; then 

^=-812(2x274 + 8-1) =112 tons, 

which Terj nearly coincides with result determined aboye. 

This formula appears to be more strictly mathematical in its origin than the 
one which is commonly used, although they seem to agree yery nearly in their 
remits. 

* The deflection, *56 inches, is computed from Experiment XX ; the deflec- 
tions not being giyen in Experiment XIX. The ultimate deflection of Experi- 
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Adopting Mr. Hodgkinson's calculations, we then have the value 
of the different sections of beams experimented upon by Tredgold, by 
myself, and by Mr. Hodgkinson, as the numbers 236, 288, and 382 ; 
or, taking Mr. Hodgkinson's section of greatest strength as unity, 
the ratios will stand — 

For Hodgkinson and Fairbaim as . 1 : '754 
For Hodgkinson and Tredgold as . 1 : "619 
And for Fairbaim and Tredgold as . 1 : -820 

These numbers appear to give the relative strengths of the 
different beams, and they no doubt were the strongest sections of all 
beams in use at the respective dates. It is to be regretted that we 
are not in possession of any comparative experiments on the original 
beam of Boulton and Watt's section. By a simple calculation, 
however, we find the ratio of strength to be as 1 : '543 ; that is 
to say, the resisting power of one of these beams was little more 
than one-half that of Mr. Hodgkinson's strongest beam. The 
increased demand for fire-proof buildings, taken in connection with 
the attainment of the strongest section for cast iron beams, gave 
a renewed impulse to their application in every direction. The old 
form of beams introduced by myself and Mr. LiUie with the single 
flange, and those by Tredgold with equal flanges, were discarded in 
order to make way for those of the improved section; and the 
confidence of engineers in the security of iron beams was so much 
strengthened, that the span, or the distance between the supporting 
columns of fire-proof buildings, was increased fi-om 14 to 20 feet. 
This power of enlargement occurred most opportunely, as the 
amplification, or rather the longitudinal extension, of some of the 
principal machinery in cotton miUs, at that particular period, 
necessitated a considerable increase in the width of the mills. 
Such, moreover, was the confidence inspired by this improved 
section, that I have myself constructed buildings fi-om 6 to 7 stories 
in height, and 52 feet wide, with only one row of pillars down the 



ment No. 1 on Mr. Tredgold's beam of greatest strength is necessarily omitted, 
and is not recorded in Mr. Hodgkinson's paper. 
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centre of each room, and two beams across, each 26 feet span 
between the centre columns and the walls on each side. 

In the construction of the floors of warehouses which have to. 
support heavy weights,* this section of beam (when made suflBciently 
strong) has been found perfectly secure ; and in bridges also where 
the span does not exceed 40 feet, it may be used with perfect safety 
if proper precautions are taken to insure sound and perfect castings. 

On one occasion, and I believe only one, a girder bridge has been 
erected with betois 76 feet span all in one casting. They were 
made in this country for Messrs. John Dixon and Co. of Amsterdam, 
and were erected by those gentlemen on some part of the Haarlem 
Railway. 

Notwithstanding the increased security which has been gained by 
these improvements in the form of cast-iron beams, their use is 
nevertheless attended with danger when either the design or con- 
struction are confided to the hands of ignorant persons ; and the 
numerous and fatal accidents which have occurred at various times, 
and which have very naturally created in the public mind serious 
apprehension as to their security, have almost invariably been traced 
to this cause. On more than one occasion, as many as from fifteen 
to twenty Uves have been lost by the failure of cast-iron beams in 
factories and buildings where numbers of people were congregated ; 
and the aggregate loss of life and property from this cause has been 
veiy serious. One of the most alarming accidents of this kind 
happened at Oldham, on the 31st of October, 1844, in consequence 
of the breaking of one of the beams of a cotton factory. In this 
case upwards of twenty persons were buried in the ruins, f 

Among many other catastrophes of the same nature may also be 
instanced that at Mr. Nathan Gough's mill at Salford in 1828, 
where the beams were of similar construction to those used in the 
building of the jaQ at Northfleet, and the more recent one at 
Mr. Gray's mill in Manchester in 1845, a description of which was 
given the same year to the Institution of Civil Engineers. 



* See Part III., on the constraction of Fire-proof buildings. 

t See Eeport to the Oovemment Commission, in Appendix, No. II. 
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ON COMPOTJISD OE TETJSSED CAST-IEON BEAMS 
OE GHEDEES. 

In the Government Report just referred to, several important facts 
were recorded, bearing directly upon the dangerous nature of trussed 
girders, or that description of girders where attempts are made to 
increase their strength, and to maintain them in form, by the use of 
wrought-iron bars fastened at the upper ends, and acting in a 
diagonal direction on the bottom of the beam. Of the safety of 
these tension-rods I have always had serious apprehensions ; but as 
many other persons of highly distinguished attainments hold a 
different opinion, it may not be considered irrelevant if I adduce my 
reasons for the view which I take, and the experiments upon which 
those reasons are founded. 

If we take a cast-iix)n beam of the section of greatest strength, 
and endeavour, by means of truss-rods, similar to A B C in the 
following sketch, to increase its powers of resistance, we shall find 

Fig. 24. 




that, under certain circumstances, they introduce an antagonistic 
force, which has an injurious influence ; or that, in other words, the 
beam would be safer without the truss-rods than with them. 

To some this may appear paradoxical ; but in order to ascertain 
how far the statement is entitled to credit, let us assume the flanges 
a^ a, fig. 24, to be one-sixth of the area of the flange 3, ^ ; * and 
under the impression of still further adding to its strength, let us 



* These proportionB, as we have shown by experiment, constitute the 
strongest sectional form. 
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suppose that two truss-rods, A B, B C, fig. 24, are applied, one on 
each side of the beam, to assist in supporting the weight W. 

Experimentahsts having found that wrought iron possesses great 
powers of resistance to extension, while cast iron presents great 
powers of resistance to' compression, it became a matter of inquiry 
how far, and under what circumstances, cast iron and wrought iron 
might be employed together in the construction of beams, so as to 
embrace the advantages arising from these peculiar properties of the 
two materials. This inquiry gave rise to the construction of truss- 
beams, where the wrought iron is solely employed to give strength 
to the bottom part of the beams by its tensile resistance, while the 
cast iron in the top part of the beams is solely employed to resist the 
force of compression. Now, if a truss-beam could be constructed so 
that the two materials might be brought to act in perfect concert 
with each other, this contrivance would, no doubt, effect a con- 
siderable economy of material ; but we shall hereafter shew that this 
is impracticable. 

In a perfect truss-beam (supposing it possible to have such a thing) 
the cast metal should be upon the point of rupture by compression at 
the same moment that the truss-rods are about to yield to extension. 
K too great a tension is given to the rods, they will break before the 
beam has arrived at the condition of rupture ; on he contrary, if too 
small a tension is given to them, the beam will break before they have 
arrived at their condition of rupture. In the absence of exact data, 
we should say, in order to avoid danger, that the tension of the 
truss-rods had better be too low than too high ; for in the former 
case they would yield up a portion of their tensile resistance, and 
then leave the remaining portion of the load to be borne by the beam 
itself. Experiment I., p. 41, shews the difficulty of adjusting the 
tension of the truss-rods ; for in this case they yielded to extension, 
and then the beam broke with a weight which it would have nearly 
sustained by its own resisting powers. In order to discover the best 
tension for the truss-rods, it is necessary that we should consider 
more minutely the distinctive properties of the two metals composing 
the truss-beam. 

The two kinds of material are very different in their physical as 
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well as in their mechanical properties. Cast iron is a hard^ ngid, 
crystalline, unmalleable substance^ which presents a great resistance 
to a force of compression, but a comparatively small resistance to that 
of extension ; and from its low degree of ductility, it undergoes but 
little elongation when acted upon by a tensile force. On the contrary, 
wrought iron is a flexible, malleable, ductile substance, which presents 
a great resistance to a force of extension, but a somewhat less resis- 
tance to that of compression : from its high degree of ductility, it 
undergoes a considerable elongation when acted upon by a tensile 
force. When the two metals are released from the action of a tensile 
force, the set of the one metal differs widely from the set of the 
other. The flexibiUty of wrought iron is from eight to ten times 
greater than that . of cast iron. Under the same increase of tem- 
perature the expansion of wrought iron is considerably greater 
than that of cast iron. While wrought iron yields to a stroke, cast 
iron is readily broken by a severe collision, or by any violent 
vibratory action. 

The following generalisations of an extensive series of experiments 
wiU give an exact comparative view of these properties of cast iron 
and wrought iron. 

Table I. 

Mean elongations by tensile forces toithin the limits requisite to rupture 
cast iron, viz. about 7 J tons per square inch of the transverse section. 



Name of the 
Metal. 


Mean elongation, the force being 
1 ton per square inch. 


Batioof 


Sets with 7 tons per 
square inch. 


Cast iron . . 
Wrought iron 


(yA^ part of the whole' 
( length of the bar . 

iivhns P"* of the whole 
1 length of the bar 


2i : 1 


f of the whole 
elongation. 

yfy of the whole 
^ elongation. 



From this Table it appears, that for forces of extension below 7^ 
tons per square inch, the mean elongation of cast iron is about 2^ 
times that of wrought iron. When the cast iron is about to undergo 
rupture, its ultimate extension is about 8 times that of the wrought 
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iron. Moreover, the set of the cast iron, within this limit, is con- 
siderably greater than that of the wrought iron. 



Table II. 

Mean elongations and sets^ vnth tensile forces equal to two-thirds of the 
forces requisite to produce rupture in each case respectively. 



Namaofthe 
MeteL 


Force per 
intoDi. 


lOfeetofthe of 
bar, in inches. elongatioDB. 


Set 


Ratio 
ofsetb 


Proportion 
ofaetato 


Cast iron . 

Wrought) 
iron . j 


6 
16 


•114 
•275 


l:2f 


( -013 \ 
[ 133 ) 


1 : 10 


* 
h 



From this Table it appears, that when the parts of the truss-beam 
are duly loaded, the conditions are reversed, that is to say, the 
elongation of the wrought iron becomes 2f times that of the cast 
iron, and the set of the former becomes 10 times that of the latter. 



Table III. 

Mean values of the tensile forces requisite for producing equal elongations 
in cast-iron and wrought-iron bars 10 feet long, with the correspond- 
ing sets. 



OB 10 feet, 
in inches. 


OMtinm. 

Foioe per aq. in. 

in tona. 


Wronght lion. 

Force per aq. in. 

in tona. 


Oast iron. 
8«t in inches. 


Wrought iron. 
Set in inches. 


•005 


•26 


•56 






•024. 


111 


2-6 


•0012 


Rot perceiitiUs. 


•04 


2 


4-6 


•0031 


•0005 


•05 


2-6 


5-6 


•0043 


•0007 


•062 


8 


6-76 


•0056 


•0009 


•087 


4 


9 


•009 


•0027 


•129 


6-5 


12-4 


•0159 


•014 


•145 


5*9 


13 26 


•019 


•043 
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This Table establishes the following remarkable law relative to the 
forces requisite for producing equal elongations in cast-iron and 
wrought-iron bars : Within the limit of 6 tons tensile strain 

PER SQUARE INCH FOR CAST IRON, AND 13^ TONS FOR WROUGHT IRON, 
the tensile force applied to wrought iron must be 2^ TIMES 
THE TENSILE FORCE APPLIED TO CAST IRON, IN ORDER TO PRODUCE 
EQUAL ELONGATIONS. 

This result is consistent with that of Table I., where the elonga- 
tion of cast iron, for equal increments of force, is shewn to be 2^ 
times that of wrought iron. The elongations in this Table may be 
approximately derived from Table I. 

Further, with a force of about 5^ tons applied to cast iron, and 
12^ tons to wrought iron, the sets, as well as the elongations, are 
nearly equal to each other. Now, if these forces had been duly 
apportioned to each other, this circumstance would have given us an 
eligible principle for adjusting the tension of the iron rods in a truss- 
beam; but unfortunately this strain upon the cast iron is too near 
the strain requisite for producing rupture, while that upon the 
wrought iron is only about one-half its greatest tensile resistance. 
For forces below 5^ and 12^ tons, the set of the cast iron is greater 
than that of the wrought iron; and for forces above 5^ and 12^ 
tons, the reverse takes place. 

Table IV. 

Ultimate elongations, the cast iron being loaded with 7i tons per sqiuire 
inch, and wrori^ght iron with 24 tons per square inch. 



Name of the 
Metal. 


Total ultimate elongation, 

inpartfl, 
of the length of the bar. 


Ultimate elongation per ton, 

in parte, 

of the length of the bar. 


Cast iron . . 
Wrought iron 


j^, or -22 in. on 10 ft. 
^, OP 5-7 in. „ „ 


3TTr 



Hence it follows, that the ultimate elongation of wrought iron per 
ton on each square inch is about 8 times that of cast iron, and that 
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the total ultimate elongation of wrought iron is about 26 times that 
of cast iron. 

If we take the results of Mr. Loyd's experiments,* where the 
average of the breaking-weights was 32 tons per square inch, we 
shall find that the total ultimate elongation of wrought iron is about 
130 times that of cast iron. 

Table V. 

Permanent set of bars, expressed in parts of their elongation. 



Weights in toDS 
per square inch. 


Caat iron. 

Set in parts of the 

elongation. 


Wrought iron. 

Set in ports of the 

elongation. 


2 

3 

5 

7 

10 

15 

20 


1 
TT 

« . . • 
• • • • 


C Scarcely per- 
V. ceptible. 

i 



Here it will be seen, that for weights below 7^ tons the set of cast 
iron is incomparably greater than that of wrought iron; on the 
contrary, for weights above 16 tons, the set of wrought iron is 
considerably greater than the maximum set of cast iron. 

Table VI. 

Mean elongoMon of cast-iron and wrougTit-iron bars 10 feet long, by an 
increase of 90® temperature. 



Length of bar 
10 feet 


Elongation due to 
90^ increase ofheat. 


Difference of the 
elongations on 10 feet. 


Cast iron . . 
Wrought iron . 


•0666 inches "^ 
•0733 „ j 


'0067 inches. 



• See the author's Experimental Inquiry into the Strength of Wrought-iron 
Plates, ifc.y published in the Transactions of the Boyal Society for 1850. 
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Comparing the results of this Table with those of Table I., we 
find that the elongation of wrought iron by an increase of 90* 
temperature is equivalent to the action of a tensile force of 7 '4 tons 
per square inch; and that of cast iron to a force of 3 tons per 
square inch. Moreover, the difiFerence of the elongations of the two 
metals is equivalent to the action of a tensile force of f ton per 
square inch. It is also worthy of remark, that while making ex- 
periments relative to the elongations of metals when acted upon by 
tensile forces, we should carefully observe that the temperature 
remains nearly the same. 

Prom a careful induction of the facts contained in these Tables, 
let us endeavour to determine the best adjustment of the tension of 
the truss-rods. 

First, Let us consider the case, when the truss-rods have no 
strain upon them at the time the beam is unloaded. 

Suppose the beam to be loaded so as to produce a tensile strain 
upon the cast iron equal to one third its breaking-load, that is to 
say, let the force of elongation be 2^ tons per square inch upon the 
cast metal ; then, from Table III., we find that the strain upon the 
truss-rods will be about 5^ tons per square inch, and that the set of 
the cast iron, after these strains are taken ofi*, will be 6 times that of 
the wrought iron. Now, in this case, while the cast iron is strained 
to one-third its breaking-weight, the wrought iron is strained to only 
about one-fifth its ultimate strength ; and, further, when the load is 
taken ofi*, the cast-iron beam will remain much more elongated than 
the iron rods, which will, to a certain extent, destroy their original 
adjustment of tension, but this, in the present case, will not act 
unfavourably, for it will tend to give a certain amount of tension to 
the truss-rods.* 

Suppose the beam to be loaded so as to produce a tensile strain 
upon the cast iron equal to 5^ tons per square inch ; then, in order 
to produce an equal elongation of the truss-rods, the strain upon 



* We have here considered the length of each truss-rod to be one-half the 
length of the beam. This supposition will obviously involve no appreciable 
amount of error. 
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them must be 2^ times 5^ tons, or 12^ tons nearly. Here, while 
the cast iron is strained to more than two-thirds its ultimate resist- 
aDoe, the wrought iron is only strained to about one-half its ultimate 
resistance. One favourable circumstance connected with this load is, 
that the sets of the two metals are very nearly the same. 

Suppose the beam to be loaded so as to produce a tensQe strain of 
15 tons per square inch upon the truss-rods, then, by Table II., this 
will produce an elongation of tttt part of the length of the rod ; but, 
by Table IV., the ultimate elongation of cast iron is 73-0 part of its 
length ; therefore the cast iron would be ruptured by extension some 
time before the truss-rods could arrive at a strain of 15 tons per 
square inch, that is, before they could be strained to two-thirds their 
ultimate strength. 

This adjustment is defective : the truss-rods must obviously have 
a certain amount of tension, before the load is laid on, in order to 
bring them into a higher condition of action, and to counteract the 
set of the cast metal. 

Second, Suppose the truss-rods to be screwed up so as to give 
them a tension of 8 tons per square inch, or one-third their breaking 
tension ; and, for the sake of simplicity, let us suppose that the half- 
length of the beam is 10 feet. This high tension of the truss-rods, 
it should be observed, will produce a dangerous action upon the 
cast metal. 

Suppose the beam to be loaded so as to produce a tensile strain of 
7^ tons per square inch upon the cast metal. Now, by Table IV., 
this would give an elongation of '22 inches ; but the truss had an 
elongation of "077 inches due to the strain of 8 tons when the beam 
was in a neutral condition ; therefore the total elongation of the 
tniss-rod will be -22 + '077, or -297 inches ; but from Table II. we 
find this elongation to ♦ correspond to about .16 tons per square inch 
tensile force upon the rods. Thus, it appears, that even with the 
dangerous tension of 8 tons per square inch on the truss-rods, we 
cannot produce a higher strain than 16 tons upon them at the 
moment when the cast iron is about to rupture. 

Reasoning in this manner, it may be shown, that it is impossible 
to construct a truss-beam which shall task the high tensile resistance 

D 2 
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of wrought iron without at the same time introducing a dangerous 
action upon the cast metal. We have shown, in Tables II. and IV., 
that for high proportional tensions, the rate of elongation of wrought 
iron is from 10 to 26 times that of cast iron ; hence it is impossible 
to have the two metals acting in concert at tensions approaching their 
rupture. 

Since little is gained by this high tension in point of ultimate 
strength, and much is lost by the injury done to the beam, we must 
reduce this tension in order to arrive at the best form of the truss- 
beam. 

Third, Let us endeavour to discover the tension which must be 
given to the truss-rods, so that the different parts of the truss-beam 
may be respectively loaded, at the same moment, with one-third their 
respective ultimate tensile resistances, viz. 2^ tons per square inch for 
the cast iron, and 8 tons per square inch for the wrought iron. 

Here, by the law of Table III., the additional force tending to 
elongate the iron rods per square inch = 2^ x 2^ = 5|^ tons. 
Putting t = the tension of the rods per square inch at the moment 
when the cast metal has no strain upon it, we have 

; + 5| = 8, 
. • . ^ = 2f tons per square inch, or 2^ tons nearly. 

Suppose the beam to be loaded so as to produce a tensile strain of 
4 tons per square inch of the cast metal, then the truss-rods will 
undergo an additional strain of 2^ times 4 tons, or 9 tons per square 
inch, which, added to 2^ tons, will give 11^ tons for the whole strain 
per square inch of the truss-rods ; so that the two materials will be 
loaded to about one-half their respective breaking weights ; and, 
moreover, it may be shown from Table III., that the sets of the two 
metals after the load is taken of will be nearly the same. 

Hence it appears that the most eligible adjustment of the truss- 
rods is to give them a tension of from 2 to 3 tons per square inch. 

But a load of 5^ tons per square inch on the cast metal would 
tend to destroy the adjustment ; for this would produce a strain of 
about 13^ tons per square inch on the truss-rods ; and after the load 
is taken off, the set of the wrought iron would be about 3 times that 
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of the cast metal. It may be further observed, that a strain of less 
than 15 tons per jsquare inch upon the wrought iron would rupture 
the cast metal. 

An ordinary beam (especially when the material is wrought iron) 
may be safely loaded, to meet contingencies or particular exigencies, 
within two-thirds of its breaking-load ; but this cannot be done with 
truss-beams ; for, with the best adjustment of the trusses, as we 
have shown, the cast metal will be upon the point of rupture before 
the wrought iron has attained two-thirds its ultimate resistance. 

Upon the whole, it appears to be impracticable to attain such an 
adjustment of the parts of a truss-beam as to secure the safety of the 
beam, with a due regard to the most efficient action of all its parts. 
The two materials are so different in their physical as well as in their 
mechanical properties, that it seems impossible to construct a beam 
with them where they can, under all ordinary strains, act in concert 
with each other. But even supposing that we are able to construct 
a truss-beam with all its parts perfectly adjusted, how long would it 
remain so ? Besides the disturbances arising from unequal elonga- 
tions and sets, sudden collisions, changes of temperature, and other 
causes, would tend to destroy this adjustment. The defect of a truss^ 
beam consists not so much perhaps in its want of economy, as regards 
the distribution of material, as in its want of stability and safety ; — 
within comparatively small limits of load, a truss-beam may pass 
from a condition of perfect security and safety to one of uncertainty 
and danger. 



Aj^oximate Bute for calculatiriff the Strength of a Truss-Beam. 

In order to calculate the strength of trussed beams, let us suppose 
that the tension of the rods is such as to cause them to have a strain 
of 8 tons per square inch, at the same moment that the cast fron has 
a strain of 2^ tons per square inch ; then with \\A^ perfect adjustment^ 
we have found, by a process of reasoning which need not be given in 
this place, the following approximate rule for calculating the weight 
with which the beam may be safely loaded : — 

Add three times the section of the truss-rods to the section of the 
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bottom fianchy substitute this sum for the bottom area in the usual 
formula for calculating the strength of cast-iron beamSy and one-third 
this result mil give the weight of safety, or one-third the theoretical 
breaking-weight. 

Thus, let w = the load of safety, a = the area of the bottom flanch, 
a^ = the section of the truss-rods, / = the distance between the points 
of support, and d = the depth of the cast-metal beam ; then 

w= — ^-g^ tons . . . (1). 

In the first series of experiments, given at p. 41, we find, a = 1*05, 
a, = -39, rf=4, /=4-5 X 12, 

26 (105- f3x'3 9) 4 _ . oi aa ii. i 

• • ^"^ — 3x45x12 ^^"^ tons=3100 lbs. nearly. 

Now the breaking-load of this beam, as given in Experiment III., 
Table I., was nearly 9000 lbs., giving one-third of 9000 lbs. = 
8000 lbs., for the load of safety. Hence it appears that in this truss- 
beam we had very nearly hit upon a perfect adjustment. 

Throughout these calculations, we, have assumed that the section 
of the top flanch of the beam is duly calculated to balance the imited 
tensile forces of the truss-rods and the bottom flanch of the beam. 

Let us now consider the question of economy, as regards these 
beams. 

Comparison of Cost. 

In estimating the comparative advantages of different forms of 
beams, we should always consider their ratio of cost for a given 
amount of strength. In order to apply this method of comparison to 
the case of trussed beams, let a — the cost of the beam without the 
trusses a^ = the cost of the truss-rods a, = the cost of their construc- 
tion, w = the breaking-weight of the beam without the trusses, and 
W the breaking-weight with the trusses ; then we have — 

Comparative advantage of the trussed beam, that of the beam 
without the trusses being unity 

a W 

^a+ai+Oj to ' ' ' ^ J* 
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In the case of the beam experimented upon, see Table I., p. 41, we 



hav( 

a =4^ shillings, a^^- a^^^^ shillings, w = 5800, W = 7400 ; 
then by formula (1) we have — 

CJomparatiye- advantage of the trussed beam 

=4H:i''68oo=t^^ly^ 

that is to say, the advantage of the simple beam, as compared with 
the trussed beam, is nearly as 1 to f. 



Ihtssed Beams where the Bods are attached to points above the 
line of the topjlanch. 

Let us now consider that form of a truss-beam, where the upper 
ends of the rods are attached to points, a and 3, lying above the line 
of the top flanch of the beam, as represented in the following figure : 



Fig. 25. 




This form of construction, in my opinion, rather tends to increase 
than to diminish the defects of the truss-beam ; for the raising of the 
points of attachment, a and 3, increases the power of the truss-rods 
to rupture the upper flanch of the beam. And we may here observe, 
that this objection applies with equal force to a compound beam of 
this form, where the whole of the material is wrought iron. 

Reverting to the beam of the best form and strongest section, it 
will be seen (Table, p. 45), that on turning it upside down, with 
the broad flanch uppermost, we then have in its simple form a com- 
paratively weak construction, which breaks with 3366 lbs. instead of 
5830 lbs., the measure of strength when the small flanch intended to 
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resist compression is uppermost. These facts are corroborated by 
direct experiment. Hence it follows, that there is a loss of nearly 
one-half the strength by the change of position alone. 

Now, if we endeavour to remedy this defect by the application of 
an auxiliary power, in the shape of a truss, to the weak side of the 
beam, we then bring into operation entirely new elements of strength ; 
and provided the truss-rods are strong enough, we may reasonably 
calculate on having a more powerful structure than the simple beam, 
in its right position, without auxiliary support. In fact, the resistance 
to compression is increased six times ; and assuming that the truss- 
rods are equally secure in the direction of tension, we should then 
have a beam capable, theoretically, of supporting the enormous 
pressure of nearly six times the breaking- weight. 

This power of resistance, however, is computed on the assumption 
that the two resisting forces are equal, and that all the other parts of 
the beam are so constructed, that they will maintain the connection 
of the different parts, and prevent disruption either in a lateral or in 
a vertical directfon. 

We have admitted that the truss-rods may be useful in the position 
represented by fig. 25, but inasmuch as the casting would require to 
be altered in form, and strengthened in other parts, it becomes 
questionable whether one equally strong could not be made of 
homogeneous construction, of one casting, that would carry the same 
weight. 

Considering the difference of opinion which exists on this subject, 
I have deemed it necessary to examine the question experimentally ; 
and in order to arrive at correct conclusions, model beams were 
prepared and submitted to the usual tests, with the following 
results : — 

Experiments to determine what advantages, ip ant, are 

DERIVED PROM WrOUGHT-IRON TrUSSES APPLIED TO CaST- 

iRON Beams as an additional support: — 
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Experiments on a beam of the strongest section^ A feet 6 inches between the 
supports and two truss-rods^ each one half-inch diameter to the bottom 
and endSj with the broad Jlanch below. 
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11 
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12 
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12 
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•531 


12 
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13 
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13 
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13 


8294 
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14 


3934 


•47 


14 
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•584 


14 
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15 
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15 


5138 


•600 


16 


8854 
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5834 
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34 
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Bottom flanoh, 2-6 x*42. 
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area = 1*05 inches. 
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Top flanch 10 x -20, 
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•934 


area = '20 inches. 
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middle, 4 inches. 
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39 
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In the first experiment one of the trass-rods broke after sustaining 
the weight, 5502 lbs., some seconds. The second and third broke, 
through the upper flange, by compression. Taking, however, the 
mean of the whole, we have the breaking-weight at 7433 lbs. 

Owing to the failure of one of the trass-rods, the experiment was 
twice repeated with f inch rods, in order to produce fracture in the 
cast iron, before the rods could yield to tension. 



Experiment IV. 

The same beam, with the hroadflanch helow, and without truss-rods, 
4. feet 6 inches between supports. 



No. of 
Experiment. 


Weight 
laid on in Ibe. 


Deflection 
in inches. 


1 


406 


•70 


2 


1574 


1-50 


3 


2022 


2-86 


4 


2470 


3-26 


5 


2918 


4-20 


6 


3366 


4-91 


7 


3814 


5-60 


8- 


4262 


6-31 


9 


4710 


6-82 


10 


5158 


7-25 


11 


6382 


7-50 


12 


5606 


7-76 


13 


6880 


Broke. 




Ultimate ■) 
deflection ) 


7-86 

1 



Fig. 28. 
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Experiment V. 

The same beamy with the broad flanch above and two truss-rods, three- 
quarters of an inch diameter, ^feet 6 inches between the supports. 



No. of 
Experiment 


Weight 
kid on in lln. 


ininoliei. 


1 


406 


•03 


2 


1,574 


•07 


3 


2,470 


•10 


4 


3,366 


•16 


6 


4,262 


•20 


6 


5,158 


•24 


7 


6,054 


•80 


8 


6,950 


•36 


9 


7,846 


•47 


10 


8,742 


•63 


11 


9,638 


•61 


12 


10,086 


•69 


13 


10,534 


•77 


14 


10,972 


•84 


15 


11,420 


•91 


16 


11,868 


1-02 


17 


12,316 






Xntimate \ 
deflection, j 


106 





The beam in this position would have carried a much greater load 
if the truss-rods had been stiffer, as the lower part of the beam was 
torn asunder from the increased deflection, before the top flange had 
arrived at its ultimate powers of resistance to compression. 
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Experiment VL 

The same beam reversed, with the broad flanch uppermost and mtkout 
truss-rods. 4 feet 6 inches between supports* 



No. of 
Experiment 


Weight 
laid on in Ibi. 


Deflection 
ininchei. 


1 


406 


•080 


2 


1,574 


•132 


3 


2,022 


•226 


4 


2,470 


•362 


5 


2,918 


•473 


6 


3,142 


•514 


7 


3,366 


Broke. 




Ultimate ) 
deflection 


•55 







Fig. 80. 




The experiments above recorded present for consideration the 
strengths of beams, with the following varieties of form and 
disposition. 1st, the cast-iron beam, in its best form, with the broad 
flanch below, when assisted by a wrought-iron truss. 2d, The same 
beam reversed, with the broad flanch above, and supported by a 
truss. 3d, The same beam, broad flanch above, and without a truss. 
And, lastly, the same beam, in its strongest form and position, also 
without a truss. Now, all these conditions admit of comparison. 
In working them out in detail, we have the following results and 
ratios of strengths : — 
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SUMMAKT OF ReSTTLTS. 



Sketch of Beam. 



1 

T 



T 



DeMripiion of Beam. 



Breaking 
ireight in Ibe. 



Batioof 
Btrength in lbs. 



Cast-iron beam, with the*) 
broad flanch downwards ) 



The same beam in the same^ 
position, with double I 
truss-rods supporting the ^ 
middle J 



Beam reversed ; the broad ^ 
flanch uppermost without > 
truss-rods ) 



The same in the same posi- "^ 
tion, with broad flAuch > 
supported by truss-rods ) 



Beam with double truss, "^ 
as before ; broad flanch > 
below ....... J 



The same, with double*^ 
truss ; broad flanch up- > 
permost J 



Beam without truss-rods;*) 
broad flanch uppermost • ) 



The same beam, broad) 
flanch downwards . . . ) 



^5;d8CL ] 



7,433 



3,3GG \ 



12,316 ; 



7,433 N 



12,316 



8,366 



6,830 J 



100 : 127 



^A:^ J 



100 -.-ssa^ 



100:165 



100 : 178 



s ^r 



From the above summary we may draw the following conclu- 
sions : — 
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1st, That the advantage gained by adding truss-rods to a cast-iron 
beam of the strongest section, and placed in the best position for 
resisting a transverse strain, is as 100 : 127, being rather more than 
one-fourth of increase in strength.* 

2nd, That the simple beam reversed, with the small flanch down- 
wards, loses nearly one-half of its strength, as compared with the 
same beam in its most favourable position, with the large flanch 
downwards, or, as 100 : '62. Again, let the beam be reversed and 
trussed, with the small flanch downwards, and its resisting powers 
are increased 3^ times in strength as compared with the same beam 
in the same position without the truss, or, as 100 : 3^ "? 6 -4^ 

Lastly, That the same beam, being trussed in both instances, first, 
with the broad flanch downwards, and subsequently with the broad 
flanch upwards, gains nearly three-fourths in strength in the latter 
case ; whilst the other is not materially increased beyond that of the 
simple beam entirely free from auxiliary support. 

We might multiply these comparisons to a much greater extent ; 
but we have done sufficient to prove the fact, that under the most 
favourable circumstances, there is not much gained in the strength of 
cast-iron beams by the addition of malleable-iron truss rods, whilst 
their uncertain and variable character renders them dangerous in 
actual use. When such auxiliaries become absolutely necessary, I 
would then recommend them to be attached to beams with a strong 
flanch on the upper side to resist compression, and the tension-rods 
so regulated and proportioned in strength as to cause them to act 
simultaneously with the rigid top in their resistance to fracture. 
What is, however, infinitely preferable, is a well-constructed malleable- 
iron beam, which may be made of almost any given strength, and of 
any span within the limits of 500 to 1000 feet. 

General Remarks relative to Cast-iron Beams. 

I have probably bestowed more attention to this part of the subject 
than may at first sight appear necessary. It must, however, be borne 



* For an account of the dangerous nature of a beam trussed in this manner> 
see Appendix No. III. 



CA8T-IE0N BEAMS OR GIRDERS. 47 

in mind^ that many serious accidents have occurred from an ignorance 
of the principles on which cast-iron beams and girders are constructed ; 
and I may perhaps be permitted to hope that the present investiga-* 
tion win not be without its use in those constructions^ in ensuring 
economy of material and greater security in the erection of buildings, 
demanding the most careful consideration on the part of the architect 
and the engineer. 

Should these objects be accomplished, and more correct views of 
the principles of construction be established, I shall consider myself 
amply recompensed for the time and trouble which I have expended 
upon the investigation of the subject. 

Before entering upon another important division of the inquiry, that 
of the strength of wrought-iron tubular girders, as applied to bridges, 
I shall shortly advert to the application of wrought-iron beams for the 
support of the floors of buildings, and to other purposes requiring 
sohdify and security from fire. To the investigation of this part of 
the subject we bring with us a large amouqt of existing knowledge 
of form and construction, which for the last twenty years have guided 
our efforts in this department of practical science. To Mr. Hodgkin- 
son's able and conclusive inquiry into the strength of cast-iron beams, 
we are indebted for many useful formulae and other aids in the art of 
construction. Cast iron cannot, however, be depended upon, even in 
the best forms, for several reasons, — ^viz. unequal contraction in the 
cooling of the metal, the brittle nature of the material, imperfections and 
flaws in the castings, and its liability to break without warning. 

As regards the flrst point, we labour under great uncertainty in 
consequence of the " shrinkage " or contraction of metals during the 
process of cooling. A casting, even when well proportioned, will 
suddenly "snap " without any apparent cause; exposure to rain, or 
intense frost during the night, not unfrequently produces fracture ; 
and on these occasions rupture takes place vrith a loud noise, like the 
report of a pistol. On minute examination the injury is at once 
seen to have arisen from the presence of an immense tensile strain in 
the immediate vicinity of the fracture, which is generally found to be 
greatly enlarged, and an enormous force is required to bring the parts 
again into contact. This unequal and dangerous force of tension. 
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existing within the casting itself, appears to me to be produced by 
one of two causes, — either from unequal rates in the time of cooling, 
whereby the crystalline process is seriously deranged, or from imper- 
fect mixture of the metals, whence the " shrinkage " is greater in one 
part than in another, and from which would follow unequal degrees 
of tension of the parts. Great care should therefore be observed in 
castings ; it should be seen that the metals are well mixed, and that 
the moulds and patterns are so proportioned as to insure uniformity 
in the rate of cooling. These are practical operations of some import- 
ance, and the moulds, after running, should be covered closely up, 
and as much time as possible given for attaining, by a slow rate of 
cooling, a greater degree of perfection in crystalline structure.* 

The second cause of danger is, that all crystalUne bodies are of a 
more brittle and uncertain character than those which are of a 
fibrous structure ; and as wrought iron possesses more ductility, and 
partakes in a greater degree of the latter quality, it is better qualified 
to sustain heavy weights and shocks than cast iron ; and its high 
powers of resistance to a tensile strain render its application in the 
constructive arts an object of primary importance to all those connected 
professionally or otherwise with the erection of buildings. The 
superiority of its resistance to tension is not however its only recom- 
mendation, as the new forms and conditions under which it can be 
manufactured and applied, in position and distribution, to resist com- 
pression, is another powerful recommendation of it as a safer and 
lighter substitute for cast iron. Another defect of cast iron is the 
impossibiUty of discovering imperfections which may lie concealed 



♦ Tredgold appears to have been perfectly aware of the danger resulting firom 
imequal cooling. In his remarks on the quality and appearance of the metals^ 
in his treatise on the strength of cast-iron, he states, p. 8, *^ that the utmost care 
should be employed to render the iron in each casting of a uniform quality, 
because in iron of different qualities the ' shrinkage * is different, which causes 
an unequal tension among the parts of the metal, impairs its strength, and 
renders it liable to sudden and unexpected failure." At another part he 
observes, " I must not omit to remark, that cast-iron, when it fails, gives no 
warning of its approaching fracture, which is its chief defect when employed to 
sustain weights or moving forces." » 
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under the sur&ce of a casting, and which frequently baffle the scrutiny 
of the keenest observer. These defects are by no means uncommon; and 
repeated instances have occurred wherein castings, presenting every 
appearance of perfection, have been found to contain the elements of 
destruction, either in concealed air-bubbles, or in the infusion of scoriae, 
which had been run into the moulds, and skimmed over by a smooth 
covering of apparently sound iron. Now, this can never occur in the 
wiought-iron beam, as the different processes of manufacture, such as 
paddling, forging, piling, and rolling, are sufficient to cause any 
imperfection, calculated to endanger.the soundness of the plates, to be 
detected. It will however sometimes occur, that minute particles of 
scoriae will be inserted between the laminae or bars from which the 
plates are roUed; but this does not materially affect the strength, 
excepting only in the case of boilers, where they form blisters when 
exposed to intense heat. In the formation of beams these defects 
are of less consequence, as they do not seriously impair their 
strength. 

On the influence of Time and Temperature on the Strength of 
Cast-iron Bars. 

Before closing our remarks on cast-iron beams, it may be advisable 
to introduce a few experimental facts in connection with two very 
interesting questions on the strength of materials, involving consider- 
ations of great importance, viz., the influence of time and of 
temperature on cast-iron, or the extent to which these agencies 
respectively affect its power of resistance to a force tending to sever 
or rupture its parts. These questions occupied my attention some 
years ago, and considering that they bear directly upon the question 
now before us, it may be instructive if we give a few extracts from 
the experiments,* which were then considered of great value, and 
which led to several important results. 

It has always been a question of doubt how far a body, say cast 

* Por a more detailed description of the effects of time and temperature upon 
east iron, the reader is referred to my report in the sixth volume of the Trans- 
actions of the British Association for the Advancement of Science. 
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iron, can be loaded, without impairing its powers of resistance. This 
question is still imperfectly understood, as all bodies are surrounded 
with many causes of deterioration and disturbance, which affect their 
permanent condition, and which lead by slow but certain degrees to 
their ultimate destruction. Meteorological influence, temperature, 
and time, are all elements apparently at work in that direction ; and 
it is curious to ascertain which of them has the greatest effect upon 
the stability of a material so extensively applied to the arts of 
construction as cast iron. In order to solve this problem, I entered 
in the year 1837 upon a series of experiments, which extended 
through a course of eight years ; and as these experiments affect 
formerly acknowledged theories on the strength of materials, it may 
be essential not only to state the results, but to apply such deductions 
as were derived from the experiments as they were recorded from 
time to time. 



Effects of Time. 

In the report read before the British Association for the Advance- 
ment of Science, the following observations on the effects of time 
on loaded bars occur. 

In former experiments on the transverse strength of cast iron, it 
has been assumed that the elasticity remained perfect to the extent of 
at least one-third of the breaking-weight, and that it should never be 
loaded with more than that weight. This assumption, which has 
been attempted to be proved by Tredgold, has gained considerable 
credence ; but, so far as I can perceive, there appears to be no ground 
for such an opinion. In some early experiments on the comparative 
value of hot atd cold blast iron, it was observed that in most cases 
the elasticity was considerably injured with one-fifth or one-sixth of 
the breaking-weight. This fact was of such importance as to induce 
me to pay particular attention to the set, as indicated by the preceding 
experiments, and also to note the defects of elasticity in those that 
follow, up to the time the weights became permanent upon the bars. 
From the method thus pursued, it will be seen that the value of the 
set has been given with the deflections, at regular intervals, from the 
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commencement of the experiments to the time of fracture, and the 
connections between the weights, deflections, and sets, will therefore 
in all probabihty be better observed. 

The early period at which the elasticity became injured caused an 
additional series of experiments to be instituted, for the purpose of 
ascertaining whether or not such injury to the elasticity would, with 
the load continued, ultimately break the bar. This important ques- 
tion could only be determined by experiment. 

The inquiry, therefore, resolved itself into the question, — ^to what 
extent cast iron could be loaded without endangering its security ? 
This was a question of great importance ; one which involved con- 
siderations of much interest, such as the stability of bridges, ware- 
houses, factories, and other constructions to which cast iron is 
applied. 

In computing the bearing powers of cast iron, it has always been 
considered unsafe to suppose it loaded beyond one-third of its 
breaking-weight, and, in order to be on the safe side, this is not an 
unwise precaution ; but in some cases, such as bridges, beams for 
warehouses, &c.,.it is desirable to calculate only one-fifth or one-sixth 
of the breaking- weight, as the material may be subje(ited to accidental 
strain, arising from the force of impact, or from other forces acting 
nnfavourably upon it. Taking the experiments, however, as a 
criterion, it will be found that out of ten rectangular bars, each 1 inch 
square, of cold and hot-blast Coed-Talon iron, certain results were 
obtained after the bars had been subjected to the following loads, 
as permanent weights suspended from the middle of each bar. 

The ten bars were loaded with weights varying from about one- 
half to nine-tenths of their breaking weights, as given in the following 
table :— 
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Table I. 

Table of Coed-Talon rectangular bars {4. feet 6 inches between the supports) 
loaded with different weights for determining the changes {if any) 
which take place during indefinite periods of time; the mean of the 
breaking weights cf each description of iron having been previously 
ascertained to be, for the cold blast 508 lbs,, and for the hot blast 
484 lbs. 



No. of 
bars. 


Permuient 
loadinlbB. 


Haan breaking- 
wdght in Ibk 


'Batioof 

breaking-wmght 

to load. 


Bemarka. 


1 
2 
3 
4 
5 


280 
886 
892 

448 
448 


608 
508 
508 
508 
508 


1 :.651 ' 
1:661 
1:.771 
l:.881 

1 :-881 , 




CoU-Uutinm. 


6 

7 

8 

9 

10 


280 
336 
892 

448 
448 


484 
484 
484 
484 
484 


1:578 \ 
1:<694 
1:'805 
1:'925 
1 :,926 > 




Hot-blast inn. 



From the above will be seen the nature of the experiments which 
were instituted for the purpose of ascertaining, by an exceedingly 
minute scale, the increase of deflection which &om time to time took 
place in the bars. If that increase was progressive, it was then in- 
ferred that rupture must at some time or other (however remote) take 
place ; if otherwise, that a new arrangement of the parts under strain 
had been effected, and that they had thus become fixed at a power 
of resistance equivalent to the load. 

The results from March 1837 to April 1842 were as follow : — 
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Table II. 
EesuUs on ban No. 2 and No. 7, loaded tnth 836 Ihs. 



I 

Tempe- 




CoIdbbBt, 

dsfleetioniii 

mchea. 


HotblMt, 

deflactioii in 
inehea. 


BrtMOfilKaMM. 


78° 
72° 
61° 
50° 
58° 


March 11, 1887 . 
June 3, 1838 . . 
July 5, 1839 . . 
June 6, 1840 . . 
Not, 22, 1841 . 
Apnll9,1842 . 
Mean . . . 


1-270 
1-316 
1-305 
1-803 
1-306 
1-308 


1-461 
1-538 
1-533 
1-520 
1-620 
1-620 


FMrioia to the tim« of taUng 
the defleotion in Norcmber 
■nd April tlie hot-blart Ur 
ludlwendirtiirlMd. 


1-301 


1-548 



The above experiments show a mean increase in the deflections of 
the oold-blast bar during a period of five years of 'OSl, and of '087 
OB the hot-blast bars. 



Table III. 

EesuUs on ha/rs No. 3 and No. 8, loaded with 892 lbs. 



Tempe- 
ntme. 


SateofobMrTBtion. 


ColdblMt, 

deflection in 

inches. 


Hotblaat, 

deflection in 

inche*. 


Keninrks. 


• a 

78° 
72° 
61° 
60° 

68° 


March 6, 1837 . 
June 23, 1838 . 
July 6, 1839 . . 
June 6, 1840. . 
Not. 22, 1841 . 
Apnll9,1842 . 
Mean . . . 


1-684 
1-824 
1-824 
1-825 
1-829 
1-828 


1-715 
1-803 
1-798 
1-798 
1-804 
1-812 




63° 


1-802 


1-788 



During five years the deflection in the cold-blast bars has been 
rather more than in the hot-blast, the increase being as 1*802 to 
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1*788 ; whereas in the former table, with lighter weights, the in- 
crease was on the other side, or as 1*301 in the cold-blast to 1"548 
in the hot-blast bars. 

Nevertheless, the deflections in this case indicate, as before, a steady 
increase of '118 for the cold-blast, and '073 for the hot-blast. 



Table. IV. 
Remits on ba/rs Nos. 4, 5, 9, cmd 10, loaded respectively with 448 lbs. 



Tempe- 
rature. 



78° 
72° 
61° 
50° 
68° 



53° 



Date of obflerration. 



Cold blaet, 

deflection in 

inches. 



March 6, 1837 
June 23, 1838 
July 5, 1839 . 
June 6, 1840 . 
Not. 22, 1841 
April 19, 1842 
Mean . . 



Hot blasi^ 

deflection in 

inches. 



1-410 
1-467 
1-446 
1-445 
1-449 
1-449 



1-442 



Bemarks. 



Both the hot-blast bars broke 
i^t opoe with 448 lbs., and 
one of the cold-blast bars 
broke after sustaining the 
weight thirtj-seTen days. 



The mean increase of the deflections in this case is '032 ; which, 
it will be observed, is much less than that exhibited in the former 
table with weights of 392 lbs., and less than the deflections on the 
hot blast, which were '073 with the same weight continued as a 
permanent load. 

Viewing the whole of these experiments in relation to the solution 
of a problem affecting the laws which regulate the resistance of 
bodies to continuous strain, it is important to observe how admirably 
the cohesive powers of matter adapt themselves to circumstances, and 
with what tenacity they resist forces tending to dissever and rupture 
their parts. 

It is still a question for consideration how far this power extends, 
and whether or not bodies, when loaded within even ^^jVy P^' ^f 
their breaking-weight, would sustain the load for ever, provided that 
no disturbing cause were present to produce fracture. 
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I am strongly inclined to think that such would be the case, not- 
withstanding the fact that the whole of the loaded bar^ exhibit a pro- 
gressive increase of deflection, which fact I am disposed to attribute to 
the vibrations continually going on in the building where the bars 
were fixed, and to those atmospheric changes, such as temperature, 
oxidation, &c., to which every description of material is subject. 

In the experiments just enumerated one important fact has been 
My established, namely, that a continued and strictly permanent 
pressure, even when about to produce fracture, obeys a very different 
law to that which obtains with a continual increase and diminution 
of pressure, producing a disturbing force on all the parts under 
strain, and thus, by a continued series of alternations, eventually 
destroying the powers of resistance. 

In the former case the load, however near it approximates to that 
which is necessary to fracture, remains permanently fixed ; whereas in 
the latter, the changes, however minute, will, if continued long enough, 
ultimately lead to destruction. Mr. Hodgkinson's experiments, as well 
as my own, lead to this conclusion ; and I have no doubt that any load 
(however small) producing a permanent set upon a bar will, if taken 
off and replaced a suflScient number of times, eventually break it. 

For example, let us take the bars supporting the lightest weight, 
280 lbs., and suppose that the load to the extent of 200 lbs. is 
removed, and then replaced at intervals of thirty seconds, it is evident 
that this change, often repeated, will in the end destroy the cohesive 
powers of the bar, either in the lower part of its crystalline exjtended 
section, or in that of the upper, where the crystals are compressed ; 
or, what is more probable, the destructive process would be progres- 
sive in a given ratio in the upper and lower sections of the respective 
means of compression and extension. This constant movement or 
sliding of the atoms or parts of crystalline, as well as fibrous bodies, is 
therefore the cause of breakage ; and — assuming a change tp take 
place in the molecules of the body — ^however slight the strain may be 
when first applied in one direction, and then changed to another 
direction, it only becomes a question of time how long the body will 
bear these continued repetitions before rupture takes place : sooner 
or later fracture must occur. 



56 



CONCLUDING BEMARKS 



In illustration of the above we may refer the reader to the Com- 
missioner's Report on the Application of Iron to Railway Structures, in 
which he will find the results of a long series of experiments bearing 
upon this subject. It will be sufficient here to say that bars of cast 
iron 3 inches square, or less, were placed upon supports varying from 
4^ feet to 14 feet asunder. These were struck upon their side by 
a heavy ball suspended like a pendulum from the roof, by a wire 18 
feet long, the magnitude of the blow being varied as occasion required. 
The general result obtained was that, when the blow was powerful 
enough to bend the bars through one-half of their ultimate deflection 
(that is to say, the deflection which corresponds to their fracture by 
dead pressure), one bar only was able to stand 4000 of such blows in 
succession, some giving way with less than 130 blows. But all bars 
when sound resisted the effects of 4000 blows, each bending them 
through one-third of their ultimate deflection. The following table 
gives a summary of the mean results : — 



No. of 
Bxperi- 
mentB. 


Anigned 
deflection in 
tennBof 
ultimate 
deflection. 


Mean No. 
ofblowB 
Btrock. 


RiKABU. 


7 


i 


4000 


Not broken. 


1 


A 


1350 


Broken. 


7 


i 


1838 


AU broken but one. Fire sllgbtly defeetiye. 


1 


A 


3700 


Broken. Slightly defecti?e. 


5 


* 


178 


AU broken. One slightly defective. 



In the above we have excluded those cases in which the bars were 
so defective as manifestly to influence the result. In regard to the 
bar which stood 4000 blows bending it through ^ its deflection, we 
may observe that it was a small bar only 1 inch square and 4 feet 
6 inches between supports^ and hence may possibly have been some- 
what tougher than the larger bars. 

I am further confirmed in the truth of these observations by some 
experiments now in progress, which bear so forcibly upon this pecu- 
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liar aspect of the strength of materials, that I am induced to notice 
them in this place* I do so in order that we may become fully 
aware of the principles on which the security as well as the durability 
of the material depends. It is important that all these facts should 
be generally known, as there is a wide difference between the bearing 
powers of a beam exposed to changes of pressure, and one which has 
to sustain a perfectly quiescent and permanent load. 



On the Effects of Temperature. 

The principles of the effects of temperature upon cast iron are 
pretty fully developed in my Report, published in the sixth volume 
of the Transactions of the British Association for the Advancement of 
Science. The experiments therein contained are very conclusive; 
and those on time Would have been less satisfactory if those on 
temperature had been omitted. 

In that conununication it is stated that Bondelet, in his Traite de 
Bdtir, had given and collected results from experiments made by 
himself and others on the expansion of bodies from the effects of heat ; 
but I believe I was the first to ascertain the strength of metallic 
substances at different temperatures ; and although the effects of heat 
upon metals had not escaped the attention of philosophers, yet I am 
not aware that any writers on this subject have conducted their 
experiments in a way at all analogous to that under consideration. 

Had time permitted, it was my intention to have pursued the 
experiments on temperature under a much greater variety of form 
and change. For example, it might have been desirable not only to 
load the bars until they were broken, but also to charge them with 
different weights, and by alternate heating and cooling to ascertain 
how the bars so charged were affected by the change. Such an 
extension of the experiments might have led to the development of 
some new law, and that more particularly as regards the changes 
produced by the alternate increase and decrease of temperature. On 
some future occasion I may perhaps have an opportunity of returning 
to these interesting inquiries ; they involve considerations of great 
importance, as well in theoretical as in practical science, and I have 
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no doubt that they would be found of great value in every case 
where the material is exposed to frequent changes of temperature. 
For the present, however, it will be sufficient to give the comparative 
results which were obtained from the experiments. 

Table V. 



Comparative strength and power to resist Impact of the Coed-Talon hot 
and cold-blast Irons at various temperatures. 

Transverse Strengths. 



Temperaton. 


Cottl-Tklon oold Uut. 


Coed-TaI«n hot blMt 


Batio. 


Fahr. 
26° 

82° j 

190° 
Sed in dark 

212° j 
600° 


No. 2 Iron. 

851-0 

940-7 ) 

\ Mean 9496 
958-5 ) 

743-1 

7281 


No. 2 Iron. 

8231 

933-4 

Mean 919-7 
906-0 

823-6 

829-7 


1000 : 967-2 
1000 : 977-6 
1000 : 1108- 

1000 : 885-4 
1000 : 847-7 


No. 8 lion. 

905-0 ) 

[Mean 924-3 
943-6 ) 

909-8 ) 

1 „ 10331 
1157-0 


No 
j 818-4 
1 834-1 

917-5 , 


8 Iron. 
Mean 875-8 



Power to resist Impact 



Temperature. 


Ooed-Talon oold blast. 


Coed-Talon hot blast. 


Batio. 


Fahr. 
26^ 

82° 

190° 


No. 2 Iron. 

349-8 

360-3 ) 

J Mean 382-4 
404-5 

223-7 


No. 2 Iron. 

340-8 

( 436-9 ) 

I ««[ Mean 395 

( 383-2 ) 

298-9 


1000 : 974 
1000 : 1032-9 
1000 : 1886 
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Modulus of Elasticity in pounds for a base of 1 inch square. 



Temperfttora. 


Goed Talon cold<blast. 


Goed Talon hot Uasi. 


Pahr. 
26° 

32° j 
J90° 


No. 2 Iron. 
12,994,400 

13,506,700) 

....cc^^A Mean 14,327,450 
15,148,200 ) 

14,398,600 


No. 2 Iron. 
14,267,500 
( 13,723,500) 

13,869,500 



In pursuing the investigations, it unfortunately happened that the 
stock of No. 2 iron became exhausted, a circumstance which inter- 
cepts the comparison from 6 degrees below the freezing-point to that 
of melted lead. The No. 3 should have been broken at all degrees 
of temperature, in order to ascertain the loss of strength as the heat 
was increased. It was not, however, accomplished ; and from this 
circumstance the comparison only holds good between the two 
qualities No. 2 and No. 3 from the boiling-point of water, or 21 2^ 
up to 600** of Fahrenheit. In the No. 2 iron it will be observed that 
the strength continued to diminish as the temperature increased; 
whereas in No. 3 it increased, as shown in the Table, from 9243 to 
1033' 1, which can only be accounted for from the irregularity and 
greater rigidity of that description of iron. On the whole, we may 
infer that cast iron of average quality loses strength when heated 
beyond a mean temperature of 120*", and that it becomes insecure at 
the freezing-point, or under 32* Fahrenheit. 



On the Comparative Strength of Iron after Successive Be-meltings. 

Some curious and exceedingly interesting facts were arrived at in 
a series of experiments to determine the maximum from which iron 
begins to descend in the scale of strengths. This inquiry was under- 
taken at the request of the British Association for the Advancement 
of Science, and was intended to determine the variations in the 
strength of iron when many times re-melted. 
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In preparing tlie iron, coke and flux requisite for ensuring sound 
castings, it was found necessary, for the sake of comparison, to have 
them cast under circumstances precisely the same, and in order to 
ensure as nearly as possible perfect uniformity in the castings, a 
furnace was prepared for the express purpose, and from 18 cwt. to a 
ton of No. 3 Eglinton hot-blast iron was melted, and run into bars 
and pigs, with 588 lbs. of coke and 224 lbs. of lime as a flux. The 
proportions of coke and flux were carefully observed throughout all 
the subsequent meltings. The materials were accurately weighed 
every time the furnace was charged, and each charge was melted under 
the same circumstances, and as nearly as possible with the same 
quantity of blast. In the flrst melting, three or four bars, each 5 feet 
long and 1 inch square, were cast, and the remainder of the iron run 
into pigs and preserved for re-melting, along with the fractured bars 
used in the first experiment. In the succeeding experiments, the 
bars and pigs were prepared and re-melted in the same way ; and 
thus, by a continual succession of meltings, the constant re-production 
of the same metal was carefully preserved, and that under the same 
circumstances of fusion, as respects coke and flux, as those previously 
melted, until the whole of the metal was exhausted. 

The pig iron used in these experiments was No. 3 Eglinton hot 
blast. From its blue tinge and large crystalline structure, it had the 
characteristics of No. 1 more than No. 3 ; and judging from its 
appearance, it indicated a ductile and superior quahty of iron; 
probably of more value for its working properties than its powers of 
resistance to strain. This property in the metal was not, however, 
objectionable, as it enabled us to continue the experiments through a 
much larger series of meltings, and was probably as good a selection 
as could have been made for such an inquiry. 
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Mmlts of Ewperimenta on the Transverse and Crushing Strength of 

Be-melted Iron. 

Ban cast to be 5 feet long and 1 inch square. Distance between supports 

4 feet 6 inches. 



Ho. of 

IDdtiDg.. 


Bpeeifie 
gnkTity. 


Ifeui brwAJng- 

weight of bus 

uaettyliiLaqaan 

in lbs. 


Mna vltinrnto 

defleetion in 

inelies. 


impMt. 


BMistanoeto 
tODf per sqiare 


1 


6-968 


490-0 


1-440 


705-6 


44-0 


2 


6-970 


441-9 


1446 


630-9 


43-6 


3 


6-886 


401-6 


1-486 


596-7 


411 


4 


6938 


413-4 


1-260 


520-8 


40-7 


6 


6-842 


431-6 


1-508 


648-6 


41-1 


6 


6-771 


438-7 


1-320 


6790 


41-1 


7 


6-879 


4491 


1-440 


646-7 


409 


8 


7025 


4913 


1-753 


861-2 


411 


9 


7-102 


646-5 


1-620 


885-8 


651 


10 


7-108 


666-9 


1-626 


921-7 


67-7 


11 


7113 


651-9 


1-636 


1066-6 


69-8 


12 


7-160 


6921 


1-666 


1163-0 


731 


13 


7-134 


634-8 


1-646 


1044-9 


66-0 • 


14 


7-580 


603-4 


1618 


912-9 


95-9 


15 


7-248 


8711 


0-643 


238-6 


76-7 


16 


7-330 


351-3 


0-566 


198-5 


70-5 


17 


Lost. 


... 


... 


... 


... 


18 


7-385 


312-7 


0-476 


148-8 


880 



The above constitutes the results as obtained from the whole 
series of meltings, and it will be observed that the maximum of 
transverse strength, elasticity, &c., is only arrived at after the metal 
has undergone twelve successive meltings. It is probable that other 
metals and their alloys may follow the same law, but that is a 
question which has jet to be solved, and that probably by a series of 
experiments which would require a considerable amount of time and 
labour to accomplish. 

* The cube did not bed properly upon the steel plates, otherwise it would 
have resisted a much greater force— probably 80 or 85 tons per square inch. 
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In farther proof of the value of re-melting iron when a rigid strong 
metal is rfequired, we may annex the following summary of some 
experiments recently conducted by Major Wade, of the Ordnance 
Department of the United States Army. We may observe that in 
these experiments a veiy large quantity of iron was melted at a time, 
and was kept in fusion for periods varying from two hours to two 
hours and a-half, and hence the metal approached its maximum 
strength after much fewer re-meltings than in the last experiments. 
At the same time it would have been very interesting had the 
fusions been repeated a fifth, sixth, or seventh time, in order to have 
determined more accurately the precise point at which the iron began to 
deteriorate in strength. 



Qiades of Greenirood 
iiontMted. 


No. of 
fasion. 


TestofSunplM. 


Proof bun. 


Gnn-heads. 


Denrity. 


Tenacity in lbs. 
per sq. inch. 


Senaify. 


Tenadtrinlb& 
per aq. inch. 


No.1 . . . . 
No.2 . . . . 
No. 8 ... . 


Ist 
iBt 
iBt 


7032 
7163 
7-230 


15,129 
27,158 
34,923 


... 


... 


No.1 ... . 


/Ist 
1 2Dd 
1 8rd 

Uth 


7082 
7086 
7198 
7-801 


15,129 
21,344 
80,107 
35,786 


7-090 
7-257 


25,716 
83,815 • 


No.lofSrdfdaion, 
and No. 8 of 2nd 


I 2nd& 
f 8rd 


7-259 
7-270 


86,916 
89,378 


7-169 
7-221 


28,910 
29,751 


Nob. 1 and 2, 
mixed . . . 


I 2nd& 
[8rd 


7-170 
7-272 


27,588 
40,897 


7-228 


82,421 


Nob. 1, 2, and 8, 
mixed . . . 


2nd& 
8rd 


7-251 
7-340 


87,789 
82,485 


7-260 


38,093 



* Speaking of some of the Bpecimens of No. 1 iron, Major Wade states, that 
*^ the iron, although of the 4ith fusion, was still of a medium soft gray, and would 



ON CAST-IBOK BEAMS. 63 

"The foregoing statements exhibit the qualities of the several 
grades of the Numbers 1, 2, and 3 iron, made at the same furnace^ 
from the same ores, and they show how each are modified by 
different fusions at the foundries. 

" In the No. 1, which is the lowest grade of soft gray iron, the 
mean of numerous trials is, in the proof bar samples of first fosion, 
a density of 7'032 and a tenacity of 15,129. The same iron, identi- 
cally, after being three times re-melted, gives in the same sort of proof 
bar samples of fourth fusion a density of 7*301 and a tenacity of 
35,786 ; being an increase of density equal to about 17 lbs. in the 
cubic foot, and an increase of tenacity in the ratio of 100 : 236. 
This change in these qualities of iron is effected solely by re-melting, 
and exposure to heat while in fusion. A similar change appears 
in the gun-head samples, made from the same iron, at the third and 
fourth fusions. 

" The above refers to the No. 1 grade of iron exclusively. And it 
will be seen by the foregoing table, that the different grades 1, 2, and 3, 
vary very materially in quality, in the original pigs of first fusion. 
By adding to the No. 1 of third fusion a portion of No. 3 of second 
fusion, a considerable improvement is made ,- and by uniting Nos. 1 
and 2, in equal parts, both of third fusion, still better results are 
obtained in both proof bars and gun-heads. But when Nos. 1, 2, 
and 3, are united in third fusion, the highest point of strength in gun- 
heads is attained, viz. 38,000, which is the mean of the last four 
guns cast, all of which are of this composition. 

"The softest kinds of iron will endure a greater number of 
meituigs with advantage than the higher grades. The maximum 
tenacity of proof bars is attained in the No. 1 iron, at the fourth fusion; 
in the Nos. 1 and 2, mixed, at the third fusion ; and in Nos. 1, 2, and 3, 
mixed, at the second fusion. At the third fusion of the latter composi- 
tion the tenacity of the proof bars diminished, and at the same time 
it increased in the gun-heads. 

" It appears that when iron is in its best condition for casting into 



no doubt haye been farther improyed by another melting, which would have 
made its fifth fusion." 
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proof bars of small bulk, it is then in a state which requires an 
additional fusion, to bring it up to its best condition for casting into 
the massive bulk of cannon. This is distinctly shown in the castings 
composed of the Nos. 1, 2, and 3 iron mixed. In the other composi- 
tions of lower grades the guns were cast at the same meltings, which 
gave the highest tenacity in the proof bars. And in these cases the 
guns were of comparatively low tenacity. 

" The mixtures of Nos. 1, 2, and 3, in second and third fusion, and of 
1 and 2 in third fusion, are examples of this. And from the low 
densities of the gun-heads in these cases, there is good reason to 
suppose that an additional fusion of this iron would have augmented 
the tenacity of the gim-heads, while it would have diminished that of 
the proof-bars. It may therefore be assumed as a rule not liable to 
material error, with this Greenwood iron at least, that the strength of 
proof bars at any fusion may be taken as an approximate measure of 
the strength of gun-heads, made of the same iron at the next fusion. 
In selecting and preparing iron for cannon, we may therefore proceed 
by repeated fusions, or by varying the proportions of the different 
grades, until the maximima tenacity in proof bars is attained ; the iron 
will then be in its best condition for being again melted and cast into 
cannon. 

*' It will be seen, that the density of the several grades of iron, 
Nos. 1, 2, and 3, is in the order of their respective niunbers, and that 
all kinds increase at each additional fusion ; and, also, that the density 
is greater when cast into small proof bars, which cool quickly, than 
when cast into large masses which cool slowly. It appears also that 
the tenacity increases quite uniformly with the density, until the 
latter ascends to some given point ; after which an increased density 
is accompanied by a diminished tenacity. The turning point of 
density at which this Greenwood iron attains its greatest tenacity 
appears to be about 7 27. At this point of density or near it, 
whether in proof-bars or gun-heads, the tenacity is greatest. No 
example of density between 7*272 and 7301 occurs in the foregoing 
table, but in every instance where the latter or any higher density is 
exhibited, it is accompanied by a diminished tenacity. 

'* As the density of the iron is increased, its liquidity when melted 
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is diminished. This causes it to congeal quickly, and to fonn 
cavities in the interior of the casting. In the three guns last cast, 
Nos. 420, 427, and 428 [Iron Nos. 1, 2, and 3, mixed, third 
fusion], the iron was carried up to its highest limit in this respect. 
Cavities appeared in the gun-heads, and in such parts of the muzzle 
and hore as nearly proved fatal to the castings."* 

The results noted by Major Wade exhibit greater increase of 
strength than in the previous experiments on the Eglinton iron, where 
we had an increase in the transverse breaking weight from 401 lbs. at 
the first, to a maximum of 692 lbs. at the twelfth melting, or in the 
ratio of 1 : 1*72. Reasoning from these facts, there cannot exist a 
doubt as to the advantages to be derived from the re-melting of 
iiOD, whenever castings of great resisting powers and tenacity are 
required* 

Mixtures of Iron. 

On the subject of the mixtures of the difierent kinds of British 
iron, for the purpose of producing castings suitable to the purposes 
for which they are intended, we have no fixed or determined rule 
from which we can obtain anything like correct results. Every iron- 
founder appears to exercise his own judgment in those matters ; and 
it is very difficult to obtain castings imder conditions where the pro- 
portions are specified, unless prepared under a strict and rigid sur- 
veillance. Iron-founders, managers, and furnace-men appear to work 
under the impression of the non -importance of attention to the mixture 
of metals ; and hence arise all the anomalous conditions of soft and 
hard, strong and weak irons, and many other disqualifications which 
might easily be avoided by closer attention to the quality and due 
proportion of each particular iron, and the quantity of carbon and 
flux used in its liquefaction. All these are considerations of great 
importance in the art of founding, and we have yet much to learn in 
the preparation of metals, as well as in the manipulative art of mould- 
ing, and the necessary process of ventilation, — a process which requires 
no inconsiderable degree of thought and skill. 

* Keports of Experiments on Metals for Cannon. Philadelphia, 1856. 
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It has always been an opinion that cast iron is improved by 
mixing; and doubtless this is the case, as we have almost every 
variety in the pig, — soft, hard, ductile, rich, and poor, as well as 
the white, blue, grey, &c., irons, all of which are adapted in com- 
bination to form ahnost any description of metal required in the 
useful arts. They are, moreover, calculated to effect great improve- 
ment in the quality of the castings, and form compounds which, with 
proper care, may be varied according to the uses for which the 
castings are intended. In the case of beams and bridges, a mixture 
of two-thirds strong Welsh No. 3, a portion of Scotch or Stafford- 
shire No. 2, and a proportion of old iron, will form a good mixture. 
Other strong irons may be used, such as the finely granulated Scotch 
or Staffordshire No. 3 ; a small portion of No. 4, and about one- 
fourth or one-fifth of Hematite, answers the same purpose. These 
compounds are of great value when it is essential to have strong 
metal; but in ordinary cases, the mixture may be left to the dis- 
cretion of those accustomed to the management of the cupola and 
the furnace. 

As an example of the method of mixing iron from different fur- 
naces, and of the results of different modes of treatment, the following 
table will be of interest. It contains the specific gravity and tensile 
strength of specimens of iron, cut out from five experimental 24- 
pounder guns, prepared by the Author, and tested under the direction 
of Col. Wilmot of the Royal Arsenal, Woolwich. 



ON CAST-IBON BEAMS. 



67 



Mark 

on gun. 


Kcof 
specimen 


Position m 
gnn. 


Spedfio 
gniTity. 


Tenaile 

Brcakinff- 

veigbt per aq. 

inch in lbs. 


Mean. 


No. of 


Speeifio 
gravity. 


Breaking- 
weight per 
square ^nc^ 
in lb*. 


rounds fired 

before 

banting. 


B 1 

C 

D 

1 


1 
2 
3 
4 
5 
6 
7 
8 
9 
10 


Breech 
Muzzle 
Breech 
Muzzle 
Breech 
Muzzle 
Breech 
Muzzle 
Breech 
Muzzle 


7-2383 
71827 
7-2290 
7-2360 
70976 
70761 
7-2191 
7-1874, 
7-2494 
72388 


80,060 
26,971 
29,426 
25,013 
18,657 
17,544 
26,218 
25,690 
27,649 
29,382 


7-2105 
7-2325 
70863 
7-2032 
j 7-2441 


28,516 
27,219 
18,101 
25,954 
28,516 


33 
32 
17 
31 
83 



The mixtures which produced these exceedingly strong specimens 
will be seen from the following table : — 



' 


Gun A. 


GunB. 


GunC. 


GunD. 


GnnB. 


1 

J 
Kame and quality of 
Iron. 


Oast in usual 

way, 8 ft. 6 in. 

head. 


Bemelted once, 

and then east 

as Gun A. 


Run from on- 
polaand melted 

by desol- 
pharised coke, 
3ft. 6in. head. 


Cast nnder 
dead-head 
pressure of 
17 ft. 8 in. 


Remelted,and 

then cast under 

dead-head 

pressure of 

17 ft. 8 in. 


; 


ewt. <|rs. 


ewt qn. 


ewt. qrs. 


owt. qrs. 


owt. qrs. 


Blaenavon, No. 1 


1 1 


2 


1 1 


1 1 


2 


1 Blaenavon, No. 2 


11 2i 


15 


11 2i 


11 2i 


15 


'LiUe8hall,No. 2. 


24 Oi 


32 


24 0^ 


24 Oi 


32 


1 Pontypool, No. 3 


11 3 


15 


11 3 


11 8 


15 


Blaenavon, No. 8 


19 3 


26 


19 3 


19 8 


26 


;LiIle8hall,No.3. 


... 


... 


6 2 


... 


... 


Scrap firom gun . 


5 


... 


10 


6 


... 


Gun head . . . 


11 2 






11 2 


... 




85 


90 


85 


85 


90 



f2 
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From the above table it will be seen that guns A and E stood the 
same number of rounds, but from the condition of the guns after 
bursting, from the microscopic appearance of the fracture, and from 
other circumstances, it was evident that E was of decidedly the best 
quality of iron. It will be observed that this gun was of maximum 
density, and was cast under a pressure of 53 lbs. to the square inch. 
It was of the same tensile strength as gun A, namely 28,516 lbs. per 
square inch, but of a higher specific gravity, due probably to its 
having been cast whdev a head of 17 feet 3 inches, instead of 3 feet 
6 inches. It exhibited a closer and more finely granulated structure 
than any of the others, and doubtless in case of repetition would have 
indicated results as favourable in its powers of resistance to strain as 
in its density and closeness of texture. 

It will be necessary to observe that the weight of shot and charge 
of powder was increased every five rounds, beginning at 8 lbs. of 
powder and two 24-pounder shot, and increasing to 14 lbs. of powder 
and seven shot, = 168 lbs., at the thirty-third or last round. The 
guns A and E supported a total of 364 lbs. of powder, 3120 lbs. of 
shot, and 91 wads, before bursting. 

In selecting metal for casting ordnance it is necessary that it 
should be of the greatest purity, and as free as possible from phos- 
phorus and sulphur ; its specific gravity should not be less than 7*0 
or 7*2 ; but density is not always an indication of strength, as we 
find in many cases great tenacity accompanied with a comparatively 
low density, and vice versa; but generally, when the metal is free 
from impurities, the strengths are in the ratio of the specific gravities. 
The same remarks apply to all other descriptions of cast iron, in their 
application to purposes where great strength is required. 

In this stage of the inquiry it will be proper to notice a mixture 
which, above all others, gives indications of superior strength. In the 
summer of 1847, Mr. Owen, the Supervisor of Metal to the Admi- 
ralty, was kind enough to forward to me a copy of his experiments 
upon Mr. Morries Stirling's toughened iron, whereby the tensile 
strength of cast iron (according to Mr. Morries Stirling's statement) 
is nearly doubled. 

This process of toughening cast iron is by an admixture of wrought 
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iron, fdsed simultaneously along with pigs in the cupola or air 
fiimace. Mr. Owen gives the results from both processes, and the 
experiments being somewhat analogous, I have taken 
the hberty of referring to those which bear more 
immediately upon the subject of the present inquiry. 
Mr. Owen's experiments were made on a large scale. 
The girders were 17 feet long, and 16 feet between 
the supports, as in the annexed section (taken through 
the middle, where the weight was laid on). 

The girders were constructed upon Mr. Hodgkinson's principle, 
and weighed about 15 cwt. each, and their computed breaking 
weight was 39^ tons. 

The girders were made of cast iron, prepared according to Mr. 
Homes Stirling's mixture, as follows : 



Cupola. 

cwt. Breaking weight 
EuBsell's Hall hot-blast No. 2 Staffordshire . 15 ^ 

Prior Field No. 2 Staffordshire 20 V 50^ tons. 

Wrought-iron scrap 6 -^ 



Air Furnace. 

The same mixture as above sustained 51^ tons, giving an increase 
of strength of 2 per cent, in favour of the air furnace. 

The experiments with seven different castings made entirely from 
the Russeirs Hall No. 2, Madeley Wood No. 3, Colebrook Vale 
No. 3 (Welsh), and Calder No. 1 (Scotch), give an average of 33^ 
tons as the breaking weight. Comparing the results of these experi- 
ments, we find the value, as regards strength, to be as 33*25 to 51*5, 
being the ratio of 1:1-55. 

It will not be necessary to extend these examples beyond the 
following Ust of comparative results, as obtained from the series of 
experiments made upon each kind of iron :-^— 
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Unprepared Cast Iron. 



Bccaldiig weight*. 



1 

2 

8 

4 

6 

6 

7 

8 

9 

10 

11 

12 

13 



30 tons. 
35 „ 
33 „ 
84 „ 
831 „ 

m„ 
m„ 

m „ 

47 „ 
471 „ 
88i„ 
861 „ 
:)8i „ 



Mean tons 



\'S 



Toughened Cast Iran. 



1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 



Breaking woglits. 
. 52^ tons. 
. 60i „ 



Mean tons 



48 

52 

52^ 

60^' 

52i 

50i 

56 

48i 

52 



52-8 



The ratio given by the above table is lower than that given by the 
first, being as 1:1'36 ; but it is nevertheless suflScient to show that 
the mixture decidedly improves the bearing powers of a casting when 
subjected to a transverse strain. 

The following results were obtained by the Commissioners on 
Railway Structures, and exhibit as forcibly as the experiments of Mr. 
Owen the advantage of a mixture of cast and wrought iron. 



Mr. Morries Stirling's Iron. 






TraoBTene breaking weight. 


Ultimate 
deflection. 


Bars 9 feet between supports, and ) 
2 inches square 

Ditto ditto ditto . . . 

Bars 4i feet between supports, 
and 1 inch square j 

Ditto ditto ditto . . . 


lbs. 
( 2174 from 4 Experiments ) 
on 2nd Quality . j 

( 1491 from 2 Experiments ) 
on 3rd Quality . ) 

623 from 4 Experiments , 
on 2nd Quality . ) 

( 499 from 4 Experiments ) 
( on 3rd Quality . J 


inches. 
2-652 

2179 

1-482 

1-302 
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The iron denominated 2nd Quality was composed of Calder iron 
No. 1 hot blasts and about 20 per cent, of malleable iron scrap ; the 
3rd Quality of Ley's No. 1 hot blast Staffordshire, and about 15 
per cent, of common malleable iron scrap. 

For comparison we annex some results obtained at the same time. 

BUienavon Iron^ No, 3. 





TniuifWM bratldiig w^C^t. 


Ultimate 
deflection. 


Ban 9 feet between supportB, and ) 
2 inchea square ) 

Ean 4^ feet between supports, ) 
and 1 inch aquaie j 


Ibe. 
1338 from 6 Experiments 

440 from 3 Experiments 


inches. 
30085 

1-779 



That is, there is a mean increase of strength over the Blaenavon 
iron of 51 per cent, for the 2nd Quality, and of 13 per cent, for the 
3rd Quality of Mr. Stirling's mixture. A similar large increase in 
the compressive and tensile strengths will be observed in the Table, 
page 78. 

Ahnost simultaneously with, or shortly after, Mr. Owen's experi- 
ments, I was called upon to witness some experiments on square 
bars, made by my friend Mr. Lillie, of Store Street, Manchester, 
which had an admixture of wrought iron, chiefly from turnings. 
They appeared to fuse and combine with cast iron in the cupola in 
various proportions ; and having been present at some of the experi- 
ments, I can vouch for the great superiority of strength which Mr. 
Lillie's mixture seemed to indicate. 

Mr. Lillie's experiments were made upon cast-iron bars 3 feet long, 
1 inch square, and 2 feet 10 inches between the supports. 
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Number 
ofBxp6- 
rimeiits. 


Quality of Iron. 


Bnaking 
▼eights 
in lbs. 


Deflection 
in inches. 


Bemartg. 


1 
2 

3 


C Composed of Gart- ") 
t sherrie iron . . ) 

C Composed of Mr. *) 
t Lillie's Mixture 3 

C Wrought iron bar, ^ 

same length, 1 > 

( inch square • • ) 


831 
1346 

1008 


•625 
•750 

•625 


( With an additional weight tiie 
1 bar was bent and destrojed, 
J so as to render it incapable 
( of bearing the load. 



From the above table it appears that the mixed or toughened iron, 
as prepared by Mr. Lillie, is increased in its transverse strength more 
than one-third, as compared with cast iron, and nearly one-eighth as 
compared with wrought iron. It is, however, to be regretted that 
Mr. Lillie did not extend his experiments so as to give the com- 
parative values of the different irons, by reducing the bars experi- 
mented upon to exactly one inch square. It would also be of great 
value to ascertain the relative tensile strain and crushing power of 
these mixtures, as there cannot exist a doubt as to the increased 
strength, either transverse or tensile, of cast iron, when fused with a 
due proportion of wrought-iron borings, turnings, or scrap iron. 

Entertaining these views, it may be worthy of consideration how 
far it may be advisable to institute a series of experiments on the 
subject of these mixtures, and not only to determine accurately the 
comparative strengths of cast iron in combination with certain 
portions of wrought iron, but to extend our knowledge generally 
on a subject which is still exceedingly imperfect ; in fact, such was 
our ignorance on this subject, that until Mr. Morries Stirling 
exhibited these properties of combination, it was supposed that 
wrought iron would not fuse and combine with cast iron. 

Under circumstances where the toughened iron is not used, the 
following mixture will be found of great value in castings, such as 
girders for bridges, beams for buildings, &c., where rigidity and 
strength are required. 
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Low Moor Torksiire, No. 3 30 per cent. 

Blaina or Yorkshire, No. 2 25 „ 

Shropshire or Derbyshire, No. 3 . , .25 „ 
And good old scrap 20 „ 

100 

The above mixture will make what may be considered castings of 
superior strength ; but it seldom happens that this mixture can be 
obtained, on account of the high price of Low Moor iron ; hence it 
is that we can rarely depend upon iron-founders for the introduction 
of the exact quantity necessary to produce the required results. 
These matters are generally left to subordinates, and either through 
ignorance, or to save themselves trouble, they ahnost invariably take 
what comes readiest to hand, and thus defeat, not only the calcu- 
lation of the mathematician, but the hopes of those who confide 
in them. 

There are other combinations or mixtures of iron which possess 
other properties besides those of strength, such as the Scotch and 
Staffordshire iron for light work and for castings for machinery ; 
No. 1, or the richer description of iron, which is easily worked, and 
is more ductile than the strong Welsh irons. 

In practice these mixtures require great consideration, as the 
success of the particular manufacture in some measure depends 
upon the castings produced. It would occupy too much time to 
enter upon all the questions connected with this subject. Suffice it 
to observe that, after having made the selection and determined 
upon the mixture, much even then depends upon the skill and care 
of the fumace-man, particularly in attending to the temperature of 
the furnace, and the degree of heat at which the metal is run into 
the mould. 

All these are considerations which it would be superfluous at this 
time to discuss, but which enter largely into the formation of the 
crystalline structure, and which on no account should be neglected in 
the production of castings having for their object the union of the 
properties of fusibility and strength. 

We may further observe that the anthracite is a strong description 
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i 

of iron, and will be found useftd for mixing where rigidity anl 
strength are regarded. Experiments on this iron will be found i 
the sixth volume of the second series of the Manchester Memoiii 
and in the following tables. 

The annexed Table, the result of several years' labour, shows tl 
transverse strengths, and many other properties, of nearly all tl 
irons of the United Kingdom, and, with some other tables containii 
useful data, may appropriately close this part of the subject. | 

In the Commissioners' Report on Railway Structures we have 
series of experiments on the transverse strength of cast iron, obtainf 
from different iron-works ; and as these experiments were undertake 
under the direction of Mr. Robert Stephenson, for the purpose '• 
obtaining the best quality for the castings of the High Level Bridi 
at Newcastle-on-Tjme, and since they disclosed some new facts, J 
have the less hesitation in giving them a place beside our own, wij 
others we have selected from the same source. ; 

We have also selected a short abstract from a Report made to tl 
United States Ordnance Department, on the "causes which t| 
materially affect the quaUty of gun-metal.*' And as this repo| 
relates to the chemical constituents of different descriptions, it wi 
supplement and complete our investigations on the quaUties I 
cast iron. 
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Experiments on the Transverse Strength of Iron, made under the 
direction of Robert Stephenson, Esq. 

Bars 1 inch square, and 8 feet between supports. 





Deeeriptiottoflion. 


No of 
Bzpeii- 
ments. 


Mean 

breaking 

-wdghi 

inUw. 


Mean 

oltimate 

defleetian 

jnincbe*. 


Bedooed 
bnaking 
vdgbtof 
ban4ft.6in. 
between 
■uppoiiB. 


/ 


Scotch 


3 


775 


•63 


516 




Coltness, No. 3 


3 


789 


•73 


526 




Langloan, No. 3 


3 


727 


•66 


484 


4d 

OB 

a 


Omoa, No. 3 


3 


906 


•82 


604 




Omoa, No. 1 


2 


805 


•75 


536 


w 


Eedsdale, No. 3 


3 


1014 


•89 


676 




Eedsdale, No. 1 


3 


794 


•746 


529 


1 


Sedsdale, No. 1 (selected) . . . 


3 


919 


•94 


612 


\ 
/ 


Tow-Law, No. 3 


2 


708 


•73 


472 


Staffordshire, No. 3 


3 


878 


•79 


682 


1 


Crawshay (Welsh), No. 1 . . . 


8 


873 


•80 


682 


" 


Blaenavon, No. 1 


8 


754 


•82 


602 


1 


Coalbrook Vale, No. 1 . . . . 


3 


876 


•71 


684 




Coalbrook Vale, No. 3 . . . . 


8 


897 


•73 


698 




Ystaljfera, No. 3, hot blast, an- 
thracite iron 


}« 


998 


•80 


665 


1 

1 
1 


Tstalyfera, No. 3, hot blast . . 
Blaenavon, No. 1, cold blast . . 


l» 


876 


•82 


684 


1 


Garscube, No. 1, hot blast . . . 


h 


Q!^1 


•83 


654 




Bedsdale, No. 3, hot blast . . . 










Ghu«cube, No. 1, hot blast . . . 


1 ® 


907 


'RO 


no4 


.a 


Bedsdale, No. 3, hot blast . . . 






Ihindyvan, No. 3, hot blast . . 
Coltness, No. 3, hot bkst . . . 


|8 
) 


824 


•71 


648 


3 


Bedsdale, No. 1, hot blast . . . 


■) 










Clyde, No. 3, hot blast . . . . 


h 


859 


•82 


672 




Coltness, No. 3, hot blast . . . 


) 










Langloan, No. 3, hot blast . . . 


") 










Omoa, No. 1, hot blast . . . . 


r 


829 


•82 


662 




\ Perth, No. 3, hot blast . . . . 


) 
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Omoa, Blair, Clyde, Langloan, 
Forth, Coltness, all No. 3, hot 
blast ... 

Scotch hot blast and scrap, ordi- 
nary foundry mixture for gene- 
ral purposes 

Cambroe, No. 1, hot blast . . . 

Bedsdale, No. 3, hot blast . . . 

Cambroe, No. 1, hot blast . • . 

f Bedsdale, No. 3, hot blast . . 

^ Scrap (chiefly cold blast) . . . 

Crawshay (Welsh), No. 1, cold 
blast 

Coalbrookdale, No. 1, cold blast . 

Ystalyfera, No. 3, anthracite, 40 
parts 

Bedsdale, No. 3, hot blast, 40 parts 

Crawshay, No. 1, cold blast, 40 
parts 

Blaenayon, No. 1, cold blast, 30 
parts 

Coalbrookdale, No. 1, cold blast, 
30 parts 

Scrap, selected clean, chiefly cold 
b]ast, 30 parts 

Ditto, second melting .... 

Ditto, cast from cupola .... 

Ditto, cast from air-furnace . . 

■^ part Crawshay, No. 1, cold blast 

i part Bedsdale, No. 3, hot blast . 

^ part Scotch, Nos. 1 and 3, hot 
blast 

i part Crawshay, No. 1, cold blast 

i part Bedsdale, No. 3, hot blast. 

i part Scotch, No. 1 and No. 3, 
hot blast . 



No. of 
Experi- 
ments. 



Mean 

breaking 

weight 

in Iba. 



901 



879 



717 



855 



1058 



524 

928 

1023 

822 



928 



Mean 

ultimate 
deflection 
in inches. 



•75 

•78 
•59 
•67 

•89 



•26 
•80 
•94 

•87 



•76 



Bednoed 
breaking 
weight of 
bars 4ft. 6in. 
between 
snpporfeB. 



600 
586 

478 
595 

570 



705* 



346 1 

618 

682 

548 



585 



* This was the mixture selected for casting the arch ribs of the High Leyel 
Bridge. f White metal, fracture crystalline ; yery hard and radiating. 
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The mixtures in the above table were made with equal proportions 
of each iron, unless otherwise stated. 

"The bars were all cast, as near as practicable, 1 inch square; 
those which were found to be defective in this respect were rejected 
previous to testing. K, however, upon the breaking of the bars, and 
measuring across the section of fracture, any difference from the true 
size was discovered, it was noted in the remarks. When the differ- 
ence was not appreciable, it is stated ' rather full in size ; * when it 
was, the dimensions are given as 1 3^3 square, 1 1^ wide, by 1 3-9 deep, 
and when this occurs, the breaking weights are reduced to 1 inch 
square.'* — Appendix to Beport of Commissioners appointed to In- 
quire into tie Application of Iron to Railway Structures. 1849, 
pp.390— 401. 
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Temile and Compressive Strength ofvcmous descriptions of iron. 



Description of the iron. 



Low Moor Iron, No. 1 
Low Moor Lron, No. 2 
Clyde Iron, No. 1 . 
Clyde Iron, No. 2 . 
Clyde Iron, No. 3 . 
Blaenavon Iron, No. I 



1 



Blaenavon Iron, No. 2, 
first sample • • • 

Blaenavon Iron, No. 2, 
second sample . . 

Calder Iron, No. 1 . 
Coltness Iron, No. 3 
Brymbo Iron, No. 1 . 
Brymbo Iron, No. 3 . 
Bowling Iron, No. 2 . 



Ystalyfera Anthracite | 
Iron, No. 2 . . . ) 

Yniscedwyn Anthracite ) 
No. 1 . . . 



Iron, ; 



Yniscedwyn Anthracite \ 



Iron, 



IwynAntJ 

No. 2 . 



) 



Mr. Merries Stirling's "^ 
Iron, denominated > 
second quality. . ) 

Mr. Merries Stirling's"^ 
Iron, denominated > 
third quality . . J 



Tensile strength 

per square inch of 

section. 



lbs. 
12,694- 

15,468= 

16,125: 

17,807: 

23,468: 

13,938: 

16,724: 

14,291: 

13,735: 
15,278: 
14,426: 
15,508: 
13,511: 

14)511: 

13,952: 
13,348: 
25,764: 



: 5-667 
: 6-901 
: 7-198 
: 7-949 
10-477 
: 6-222 
: 7-466 
: 6-380 
: 6131 
: 6-820 
: 6-440 
: 6-923 
: 6-032 
: 6-478 
: 6-228 
: 5-959 
=11-502 



23,461=10-474 



tS I 



inclies 

14 
* 

14 
i 

i 

li 

i 
li 

i 
li 

I 
i| 

* 
14 

i 
li 

i 
li 

i 
li 

1 
li 

i 
li 

f 
li 



Crashing strength 

per square inch of 

section. 



lbs. 
64,534:: 

56,455 = 

99,525 = 

92,332= 

92,869 = 

88,741= 

109,992= 

102,030= 

107,197 = 

104,881 = 

90,860= 

80,561 = 

117,605 = 

102,408 = 

68,559 = 

68,632= 

72,193 = 

75.983 = 
100,180 = 
101,831: 

74,815 = 
75,678 = 
76,133 = 
76,958 = 
76,132= 

73.984 = 
99,926 = 
95,559: 
83,509 = 
78,659: 
77,124= 
75,369: 

125,333 = 
119,457: 



tons. 
: 28-809 
: 25198 
: 44-430 
: 41-219 
: 41-459 
r 39-616 
: 49-103 
: 45-549 
: 47-855 
: 46-821 
: 40-562 
: 35-964 
: 52-502 
: 45-717 
= 30-606 
: 30-594 
: 32-229 
=33 921 
: 44-723 
: 45-460 
: 33-399 
: 33-784 
: 33-988 
: 34-356 
: 33-987 
: 33028 
: 44-610 
=42-660 
=37-281 
: 35-115 
= 34-430 
: 33*646 
=55-952 
: 53329 



158,653 = 70-827 
129,876=57-980 



Batio of the powers to 

resist tension and 

compression. 





:6-084i ) 




: 4-446 1 




: 6-438 1 




: 6-973 1 




! 5-759 ) 




! 5-603 




: 6-177 ) 




! 5-729 j 




: 4-668 1 




4-469 




6-519 ) 




6-780 J 




7-032 1 




6-123 




4-797 1 




.4-795 ) 




5-266 ) 




6-532 1 




6-557 1 




6-665 1 




5-186 \ 




5-246 




4-909 ) 




4-963 j 




6-636 1 




6-476 j 




6-886 1 




6-585 




5-985 1 




5-638 




5-778 1 




6-646 




4-866 1 




4-637 




6-762 1 




5-536 



1:4-765 
1:6-205 
1:5-631 
1 : 5-953 
1 : 4-518 
1 : 6149 
1 : 6-577 
1:4-796 
1:5-394 
1 : 6-611 
1 : 5-216 ; 
1 : 4-936 I 
1:5-555 ; 
1 : 6-735 I 
1 : 5-811 , 

1 : 6-712 I 

I 
1 : 4-761 

1 : 6149 
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In obtaming the tensile strength^ the sectional form of the castings 
was that of a cross. — Report of Commissioners, 8fc., p. 101. 

In conclusion, and as opening up a new field of observation in 
connection with the strength of cast iron, we shall quote some of the 
general results from a very extensive series of analyses, made by 
order of the United States Government. These analyses appear to 
have been made with extreme care, and the results, so far as they go, 
are satisfactory, and point to an explanation of some at least of the 
variations in the resisting powers of this material. We may premise 
that the guns of the United States Ordnance department are divided 
into three classes, according to the tests they have stood and the 
strength of the metal. A large number of specimens having been 
taken from guns of each class were submitted to analysis by Mr. 
Campbell Morfit and Mr. J. C. Booth, and gave the following 
remarkably consistent average results. 



1 

1 

i 


Spedfic 

gTa?ity. 


TensUe 
strengih. 


Total 
carbon. 


Combiiied 
carbon. 


AUotrqde 
carbon. 


1 

i First Class Oiins . . . 


7-204i 


28,805 


•0384 


•0178 


•0206 


Second Class Oons . . . 


7164 


24,767 


•0376 


•0146 


•0280 


Third Class Guns . . . 


7-087 


20,148 


•0365 


•0082 


•0283 



The different effects produced by the hot and cold blast are 
clearly exhibited in the following table, both in reference to chemical 
composition and to specific gravity and tensile strength. 



Blirt. 


Spedfic 
g»Tity. 


TensUe 
BtrengUi. 


Total 
carbon. 


AUo- 
tropic 
carbon. 


Com- 
bined 
carbon. 


Sili- 
cinm. 


SUidnm 

and 
combined 
carbon. 


Siliniam 
and total 
carbon. 


Slag. 


Slag and 

allotropic 

carbon. 


Hot. 
Cold. 


7-065 
7-218 


19,640 
29,219 


•0369 
-0407 


•0292 
-0209 


•0076 
•0208 


•0159 
•0059 


•0235 
•0267 


•0528 
•0476 


•00487 
•00124 


•0341 
•0221 



It will be observed that, while there is a very great disproportion 
in the quantities of each single ingredient in the hot and cold blast 
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metal, yet there is nearly the same amount of several combined, 
such as the slag and allotropic carbon, the amount of silicium and 
combined carbon, or silicium and total carbon. These numbers are 
significant, for although there is not a great disparity between the 
amounts of total carbon produced by hot and cold blast, yet the hot 
blast has evidently driven off a portion of carbon from combination, 
so that the cold blast contains two and three-fourth times as much 
combined carbon. The hot blast metal, however, meets with some 
compensation for this loss of carbon by reducing, by its intense heat, 
a larger amount of silica, and assuming silicium. 

The wide difference in the amounts of slag in the two metals is 
also remarkable. 

The slag and allotropic (graphitic) carbon being of a brittle 
nature, and not united with the iron, coat the crystalline plates of 
metal, and diminish their surface of contact ; and, consequently, it 
follows that the tensile strength of the metal must decrease partly in 
proportion to the increase of slag and allotropic carbon. 

Prom the long series of experiments made on the strength and 
other properties of iron, as obtained from nearly the whole of the 
British irons, a general summary of results was deduced, and these 
results have been given in most of the journals, pocket-books, and 
manuals, as an epitome of reference to the qualities which at that 
time (1835) issued from the different furnaces of Great Britain. 
Since that period, however, other irons, the products of new furnaces 
and improved processes, have come into use, ahd have been added 
progressively to the table. We have now offered some from the 
Reports of the Commissioners on Railway Structures, which bear 
more directly upon the original table, as a continuation of the pro- 
perties of several new irons that have since made their appearance. 
With only two or three exceptions, there is, however, little or no 
change taken place in the mechanical condition of the British irons. 
The Ystalyfera, Redsdale, and Crawshay irons gave indications of 
great strength, but this increase might have arisen in part from 
one or more causes, such as the enlargement of the bars in mould- 
ing, and the probability of the results not being reduced to exactly 
one inch square. 



PART 11. 

ox WEOUGHT-EBON BEAMS FOE SUPPOETING THE FLOOES 
OF BUILDINGS, AND FOE OTHEE PTTEPOSES. 

Wkought-iron beams are of recent origin, and, with few excep- 
tions, they have been sparingly employed in constructions where their 
superior strength and greater security must have rendered their appli- 
cation of the utmost importance. In the construction of iron ships 
they have been used in a variety of forms ; in bridges intended for 
the support of heavy weights, such as railway-trains, 
their introduction has been of immense value ; and 
they are now almost exclusively used for the cross- 
beams which support the roadways of tubular 
girder bridges. 

At first the box-beam, of which fig. 32 represents 
a section, was considered superior to the flat beam 
represented in fig. 33. These two beams have been alternately 
employed for the purposes above mentioned ; but I have 
mvariably given the preference to the plate-beam (fig. 33), 
on account of its simplicity of construction ; and although 
inferior in strength to the box-beam, it has nevertheless 
other valuable properties to recommend it. 

On comparing the strengths of these separate beams, 
weight for weight, it will be found that the box-beam is as Kg. 38. 
1 : -93, or nearly as 100 : 90.* 

This difference in the Resisting powers of the two beams does not 




Fig. 82. 




• See Appendix No. IV. 
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arise from any difference or excess in the quantity of material in 
either structure, but from the better sectional form of the box-beam. 
The box-beam, it wWi be observed, contains a larger exterior sectional 
area, and is consequently stiffer, and better calculated to resist lateral 
strain, in which direction the plate form generally yields before its 
other resisting powers of tension and compression can be brought fully 
into action. Taking this beam, however, in a position similar to that 
in which it is used for supporting the arches of fire-proof buildings, 
or the roadway of a bridge where its vertical position is maintained, 
its strength is very nearly equal to that of the box-beam. But while 
the plate-beam, in the position thus described, is nearly equal, if not 
in some respects superior, to the box-beam, it is of more simple con- 
struction, less expensive, and more durable, from the circumstance 
that the vertical plate is thicker than the side-plates of the box-beam, 
and is consequently better calculated to resist those atmospheric 
changes which in this cUmate have so great an influence upon the 
durability of the metals. Besides, it admits of easy access to all its 
parts, for purposes of cleaning, painting, &c. 

It is for these reasons that I give the preference to this description 
of beam ; and having had considerable experience in their construc- 
tion, I am able to state, that they answer exceedingly well for large 
deck-beams in iron ships, and for any other description of frame- 
work in machinery where an irregular or reciprocating motion tends 
to derange or sever the parts. 

From the increased safety and greatly increased strength of the 
wrought-iron beam, it appears to me to be in every respect adapted 
to the construction of fire-proof buildings. It offers much greater 
security, and is free from the risk of those accidents which not 
unfrequently occur with cast-iron beams, and which have created so 
much alarm in the public mind. We have already shown the 
superior adaptation of this material to bridges and other structures 
where strength and security are the principal objects of its applica- 
tion. It now becomes a consideration of some importance to exhibit 
the advantages which may be gained by its introduction, on a large 
scale, into the building of warehouses, cotton and flax mills, and 
dwelling-houses, which require protection from risk, whether arising 
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from weakness, from the employment of a dangerous material, or 
from fire. In these erections it will be found exceedingly valuable, 
irrespectively of the sense of security which the nature of the material 
is sore to establish in the public mind. Impressed with these con- 
victions, I unhesitatingly recommend its adoption to the architect 
and engineer ; and provided the laws which govern its strength be 
carefully attended to, I have every reason to believe that a few 
examples will not only give entire confidence in its powers, but that 
increased experience will elicit improved conditions, and probably 
hetter forms for its application.* In order the more effectually to 
guide and encourage the practitioner, I have given a series of drawings 
exhibiting the principle upon which I would recommend the substi- 
tution of wrought iron for the cast-iron beams. I have abready stated 
the objections to cast iron ; and in thus directing attention to the 
introduction of a new material, I have endeavoured to supply the 
necessary rules and formulae for computing the strengths, with full 
and ample details of the construction and other minutiae connected 
with the bearings, stay-rods, &c., of these important structures. 

Another feature in the use of this material is the scope which it 
gives for an extension of space to any distance commensurate with 
the convenience of the establishment, or the taste of the architect or 
engineer. Most of the improved cotton-mills are from 60 to 65 feet 
in width, with two or three rows of columns, at distances of 15 to 
16 feet across the mill, and from 9 to 10 feet in the direction of its 
length. These columns present serious obstructions to the con* 
venient arrangement and free working of the machinery, but they 
cannot well be avoided where cast-iron beams are used. By the 
employment of wrought iron they quickly vanish, as one row of 



* Since the above was written, I have successfully introduced this system of 
construction into a portion of the new fire-proof building recently erected for 
Messrs. Joseph and James Norton of Wolverhampton. In this building, which 
is five stories high, several of the arches are supported on w^rought-iron beams 
similar to those represented in fig. 83, p. 81. The arches, as well as the beams of 
this building, are of great strength, having to support immense quantities of grain 
and flour, filled at times to the ceiling, exclusively of the vibratory action of the 
machinery of eighteen pairs of millstones, which are almost always in motion. 

o2 
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columns in the middle, with only two beams in width, not only 
meets the objection, but removes all doubts as to the security of the 
structure. In these constructions, however, it must be bome in 
mind, that an increase of space is attended with a considerable 
increase of expense ; but when the latter is not a serious considera- 
tion, fire-proof mills might be built upwards of 60 feet in width 
without the introduction of a single column or any other obstruc- 
tion whatever. 

In large public buildings this may be effected with perfect ease, 
and the beams so constructed as to carry a load of 4 to 5 tons to 
the square yard. Let us, however, return to those erections which 
require a centre column with a distance of 30 feet between the 
bearings, as shown in the following woodcut. 



Fig. 84. 

In a building of this description, the beams will each be 31 feet 
6 inches long, and 30 feet between the supports, and may be com- 
posed of plates 22 inches deep, ^ thick, and angle-iron 
13 X 3 X ^ inch at bottom, and 4 x 4 x ^ at top, riveted 
on both sides, as shown in the section (fig. 35). The 
Fig. 85. breaking-weight of this beam, taking the constant at 75*, 

would be as follows : — 
Let W represent the breaking-weight in tons, a the area of the 
bottom flanch, d the depth of the beam = 22 inches, and / the dis- 
tance between the supports = 360 inches, then we have 

^^ I 

* I have taken 75 as the constant for plate-beams, instead of 80 used for com- 
puting the strength of hollow girders with cellu]«rfop. This is done in order to 
compensate for defects in form \\'hicli.camiot be remedied in the single plate- 
girder*. - / ^ ' / y 
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75x6x22 



" 360 "^ ^"^ ^ *^^® ^^ *^® middle, or 55 tons distributed 
equally over the surface. Now, a cast-iron beam of the ^..^?. 
best form and strongest section, similar to that repre- 
sented in fig. 31, and calculated to support the same 
load, would weigh about 2 tons ; whereas the wrought- 
iron beam would only weigh 18 cwt., or less than 
one-half of the weight of the cast-iron beam. This 
difference of weight is of considerable importance, ^*" 

as the advantages of using the plate-beams do not consist solely 
in the saving of more than half of the material, but there is 
less weight to carry, and much greater certainty as regards the ulti- 
mate strength and security of the beams. Let us, however, extend 
the comparison still further, and endeavour to ascertain the cost of 
the material and construction of each kind of beam, which, after all, 
is the only criterion of the utility and fitness of any improvement. 
Every invention resolves itself into this comparison ; and in order to 
secure a successful application, the superiority of the article (when 
other things are the same) must be measured by the price at which 
it can be produced. 

Assuming, therefore, that cast-iron beams can be dehvered at the 
foundry at 6/. 10*. per ton, and that the wrought-iron plate-girders 
can be manufactured at 16/. per ton, it follows that — 

A cast-iron beam, 40 cwt., at 6*. 6d. . . £13 
A wrought-iron beam, 18 cwt., 16«. . . . 14 8 

making a difference of £1 8*. between the cost of the one and the 
cost of the other. But, on the other hand, we have, in the case of 
wrought-iron beams, less than one-half of the weight of metal to 
carry; and, moreover, the superior lightness of the wrought iron 
will enable us to erect and fix them in their places at considerably 
less cost. Altogether, therefore, I am persuaded that the wrought- 
iron beams, if manufactured on a large scale, can be executed at a 
moderate rate, and can be made to answer that most desirable object, 
the combination of strength with lightness, security, and economy. 
Besides, I am persuaded that beams of this description can be manu- 
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factured at 14/. per ton instead of 16/., as quoted above. If this 
can be accomplished, there is a direct saving of 8*. per ton; a 
very important economy, when taken in connection with the increased 
lightness and security. 

Should this description of beam become general in its application, 
it is more than probable that all those under 12 cwt. might be 
delivered at once, of the required form, from the rolling-mill; and 
it would be premature to assume, that even the larger sizes, such as 
we have just described, could not be manufactured in the same way. 
The skill and intelligence of the iron manufacturers of this country 
have surmounted greater difficulties; and I have no doubt that a 
demand has only to be created in order to insure perfect success in 
all the manipulations connected with that important process. If 
this could be accomplished, a very important saving of the mineral 
treasures of the country would be effected ; nearly one-half of the 
metal would be saved, and the price (supposing the beams to be 
taken from the rolls) reduced to nearly one-half, or from 16/. to 8/. 
or 10/. per ton. Under these circumstances, cast iron would be no 
longer admissible for such a purpose, and buildings would be ren- 
dered much less liable to the chance of failure, and equally secure 
from the ravages of fire. 

Anticipating these improvements in the manufacture, 
^^^^ it is probable that a beam, constructed after the manner 
described, might take something like the annexed fomi 
(fig. 37), the top flanch a being as much in excess as 
would equalise the two resisting forces of extension and 
compression. In every case, however, it would be de- 
Fig 87 sirable to retain considerable width in both flanges, in 
order to give lateral stiffness to the beam, which in 
wrought iron, owing to the ductile and flexible nature of the 
material, is a desideratum. When iron is used in its malleable 
state for constructions of this kind, the cellular top or box-form 
is evidently one of its most important features, and the strongest 
to resist compression on the top side. But this cannot be accom- 
phshed in the manufacture of beams direct from the rolls without 
considerable complexity in the construction. An exceedingly strong 
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and simple beam might, however, be constructed with a cellular top, 

provided that the plate which forms the cell could be rolled 

apon a mandrel to the required shape, as shown in fig. 38. 

It would be constructed with two cells at a, a, fixed upon 

the top edge of the vertical plate, and securely riveted, as 

at c, c, from one end of the beam to the other. 

This form of beam would probably lessen the difficulties 
of manufacture, as, instead of double flanches rolled upon J^l 
the beam, as exhibited in fig. 37, it would only require one pj^ gg 
at b, which would reduce the weight, and afford greater 
facilities for passing it through the rolls. In the manufacture of the 
plate which forms the cell some difficulties would, no doubt, have to 
be encountered ; but this, like every other improvement, would yield 
to perseverance and a determination to succeed.* The object of this 
form of beam would be a reduction of weight in the top flanch. In 
the cellular construction the top and bottom would be reduced to 
nearly equal areas, which, in this shape, is the proportion which 
balances the two resisting forces of extension and compression. In 
the solid flanch it requires nearly double the amount of material on 
the top to equalise these two forces, or, in other words, to cause the 
bottom flanch to yield to tension at the same time that the top is on 
the point of giving way to compression. This, however, is a question 
which must eventually be determined by experiment, and the prac- 
tical facilities which may be gained in the manufacture. 

We might modify these forms to an almost unlimited extent ; but 
simplicity is so great a desideratum in every mechanical construction, 
that I am unwilling to multiply the number of designs which readily 
suggest themselves. Ingenious men are too apt to disregard the 
consideration that simplicity of form and application very firequently 
determine the reception or rejection of their inventions, and, as is 
well known, numerous schemes, full of original thought and admirable 



* In this eonstructioii the hood or cellular top would be sufficiently ductile 
and elastic for the lower side at ^c to collapse during tlie process of punching 
the rivet-holes through both plates at once, and to open again for the reception 
of tbe top edge of the plate, to which it is permanently fixed by rivets, as 
described. 
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Fig. 39. 



talent, have failed from their complexity and over-elaboration of 
design. 

Apprehending some difficulty in the manufacture of the beam 
represented in fig. 37, I would observe, that unless wrought- iron 
beams can at once be produced from the rolls similar to that repre- 
sented in fig. 37, which is evidently the cheapest and best, 
the next in order in point of cheapness would be that with 
the bottom flanch rolled along with the plate a, fig. 39, in 
the annexed section, and with the top c also rolled of T 
iron, separate in the shape, and riveted along the top edge 
of the vertical plate, as represented at rf. 

The objection to this form of beam M^ould be that the T 
iron, c, embraces only one side of the plate, and is there- 
fore not so convenient, although equally well calculated for resistance 
to compression, from the circumstance that the middle plate is rolled 
with a recess to receive the T iron, for the purpose of equalising the 
forces on each side. In other respects it is a simple construction, 
and appears to combine the essentials of economy with simplicity of 
form. Another advantage gained by this construction is, that the 
mean distance of the rivet-holes in the top part is brought nearer the 
neutral axis than it is in the box form of beams. 

Since the above was written for the first edition of this work, Ave 
have had an opportunity of inspecting, at the Paris Exposition of 1855, 
some rolled beams superior to any hitherto manufactured in this 
country, and of a size which proves that the difficulty to which we 
have alluded is not insiumountable. The following figures (40 and 
41) will show the sectional dimensions of 
these beams ; they are such as are em- 
ployed in France for the floors of fire-proof 
buildings, and appear to answer every pur- 
pose in the formation of floors entirely 
composed of iron joists, plaster of Paris, 
and hollow bricks. The smaller beam was 
rolled to a length of 60 feet, and the larger 
to a length of 40 feet. 
Ihese beams it must be observed were sent to the exhibition as 





Fig. 40. 



Fig. 41. 
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specimens of manufacture, and were probably rolled for the purpose : 
they however clearly show that beams of this description can be made 
direct from the rolls, and we have yet to attain in this country a 
higher state of perfection in the manufacture, and a more extended 
application of wrought-iron beams to the construction of dwelling- 
houses.* 



* A Bystem of fire-proof flooring has been in use for some time on the Con- 
tinent, and indeed has been partially employed in this country. In France two 
principal systems have been introduced, called respectively the Systeme Vaux 
and Sytteme Thuasne, from the names of their inventors, of which the following 
sketches will give a better idea than any lengthened description: — In the Systime 
Vaux it will be seen, that the beams for supporting the flooring consist of simple 
plates of wrought iron, split and bent at the end to obtain a firm holding in the 
wall. These are bound together by tie-rods, which are crossed by other rods 
supporting the ceiling. In the Sjsteme Thuasu^ wrought-iron flanged joists 
have been substituted for the plates, 
and a different method of attaching 
the tie-iods is employed. The 
beams generally used are similar 
to those shown in figs. 40 and 
41 ; and they vary in depth, thick- 
ness, and length according to the 
width of the room and the length of 
the span. At first thej were placed 
at distances of 1 metre apart = 3 feet 
3| inches; but that distance was 
found to be inconvenient, not giving 
sufficient strength and rigidity to 
the floor ; and hence they are now 
placed at about 2 feet asunder. 

The usual manner of forming the 
ceiling is to force upwards against 
the bottom of the iron joists flat 
boards, which answer as a centering, 
and then to fill up the spaces between the joists and tie-rods, to a depth of 2^ or 
3 inches, with a coarse grout of plaster of Paris. This hardens almost imme- 
diately, and forms a ceiling ready to receive the finishing coat of fine plaster. 
The upper part above the iron joist is then filled up with hollow brick, or small 
cylinders of baked clay, like flower-pots ; these, being again grouted, form an 
excellent bond to the iron joists. On the top of these groutings may be formed 
the floor of tiles or concrete, as most convenient ; or a wooden floor may be 




Syjtime Thuasii^ 
Fig. 42. 
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Hitherto we have treated of beams of light weight and short span ; 
instances, however, occur where they are required of large span and 
considerable strength, and in recommending this peculiar application, 
it may be necessary that we should meet these requirements by the 

introduced, which is frequently done, by embedding wooden sleeperi at the 
required distances to receive the flooring. 

H. Thuasn^ published, some years since, a table of sizes of joists and prices for 
the use of builders and the public, of which Mr. Bumell gave the following trans- 
lation in a paper read to the Boyal Institute of British Architects in 1854 : — 



BaaringB. 


Depth of 
Joist in 
Inohea. 


Depth of 

Floor 
cotnploto 
in Inches. 


Weight per 
Square 
in lbs. 


Iron work per 
Square. 


Including 

Orouting(l:i«.) 

per Square. 


Ft In. Ft 
10 to 11 


In. 
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£ «. d, 
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3 18 5 1 
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54 
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465 


3 14 4 


4 6 4! 


16 6 ,, 20 





«i 
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510 


4 1 9 


4 13 , 


20 „ 23 
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lOJ 


605 


4 17 6 


5 9 6 1 


23 „ 26 
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11} 


700 


5 12 4 


6 4 4 




Fig. 43. 



Ploors in many respects similar to these have been introduced into England by 
Messrs. Fox & Barrett. 

Sometimes the French floors are constructed in a different maimer : the joists 
being laid as before, cross tie-rods are placed at about every 8 feet 6 inches, and 

on these slender wrought- 



iron rods rest, three be- 
tween each joist. These 
rods are run through per- 
forated bricks, built in a 
slightly arched manner, 
the spaco below them 
being filled up with plaster of Paris, as shown in fig. 43 ; over the joists wooden 
sleepers are placed to receive the boarding for the floors. 

In this description of floor there is every security from fire ; and the plaster 
being a bad conductor of heat, equalises the temperature of the room. The 
only objection is the open space a a, between the arches and the boarding, 
serving as a receptacle for vermin; but this objection may be removed bv 
divisions of plaster 6 inches thick, carried across the floor and in contact with 
the boards. This description of building is in general use in Paris and other 
towns of France ; and viewing it as a permanent fire-proof structure, I should 
earnestly recommend its adoption in this country. 
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introdaction of a construction suitable for such purposes. To 
accomplish these objects the beams just described are not exactly 
those we should recommend; but, assuming that the smaller 
description can be rolled to the required form, we have yet to provide 
for those which require a span from thirty up to fifty feet. In public 
buOdings and in the cross-beams for bridges supporting roadways, 
thoroughfares, &c. we have frequent examples where lightness united 
to strength becomes an important element in the construction ; and 
it will at once become apparent that provision for these and similar 
structures should be made, in order to afford the necessary facilities 
for their adaptation to structures of that description. 

We have already remarked that the smaller description of wrought- 
iron beams may be produced at once from the rolling-mill at a very 
moderate price per ton, and there being a direct saving of more 
than one-half in weight, the actual cost will be considerably less than 
that of cast-iron beams of equal strength. In cases where the extent 
of span required would render it impracticable to roll the beam in 
one piece, convenient weights might be rolled into sections of the 
proper form, and a beam of an excellent description be constructed 
by joining the parts together, as shown in the following sections and 
elevation, figs. 44, 45, and 46 : — 



1 .1 ■> aMBs;:;;dS<ooco<ope::g|w^ 



^ 



M» 



e f h 

Fig. 44. 

In this construction the parts a, b and c are rolled in three lengths 

to the form, as shovm in fig. 45, which is a section 

through the line a b, and being united by proper 

covering plates and rivets, it will form a section 

at the junction through the lines c d and ef, as 

exhibited in fig. 46. This construction may be 

carried to a span of forty to fifty feet ; and pro- 

* ' -- vided the covering plates are properly proper- ^*^' *** 

tioned and the riveting well executed, the beam will be equal in strength 

to one formed of solid iron without the intervention of a single joint. 
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I have already stated that one great advantage of this construction 
consists in the absence of rivet-holes ; in order to show this advantage 
more definitely, let us suppose that there are four rivet-holes at the 
bottom of the beam, and that the section of each is a quarter of an 
inch, then it follows that a beam without rivet-holes, whose bottom 
section is 6 — f inches, or 5^ inches, will bear as much as a beam 
with the rivet-holes whose bottom section is 6 inches; thereby 
showing that there would be a great economy of material in the use 
of beams rolled in the manner described. 

It is probable that the rectangular box-beam is more appropriate 
for the support of great weights on a large span, than the plate-beam 
recommended above ; but I have already stated my objections to the 
box-beam (p. 82), and the same reasoning will apply to it in this 
case, viz. the danger of oxidation and the impossibility of reaching 
the interior for the piu-poses of painting, cleaning, &c. These are 
the chief considerations which induce me to give the preference to 
the flat beam; and I am of opinion that, with proper care in the 
construction, in spans up to forty, and in some cases fifty feet, they 
will be found superior to any other description of beam. In cases 
where the distance between the supports exceeds fifty feet, the 
tubular girder is evidently the best form of beam ; and this we shall 
fully enter into when we come to treat of the subject of bridges. 

In the following section will be found the experimental data which 
have led me to these views, and induced this strong recommendation 
of a simple rolled wrought-iron beam or joist in the construction 
of buildings. 



,EXPEEIMBNTS ON THE STRENGTH, ETC., OP WEOTTGHT-IEON 

BEAMS. 

In addition to the experiments which have already been recorded, 
it will be instructive to refer to the series made in 1845, to determine 
the strength and form of the Conway and Britannia Tubular Bridges.* 

• For a more enlarged view of these experiments, see my work on the Conway 
and Britannia Tubular Bridges. 
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In reference to these experiments in particular, it has been 
observed that, — " They are not only highly interesting in themselves, 
bat involve practical considerations of deep importance in relation to 
the future interests of civilised society. They show that the rectan- 
gular form of the tubular wrought-irou girder is much better 
calculated to resist transverse strain than any other form that can be 
adopted, provided that the sectional parts are so arranged and 
distributed as to give the greatest strength with the least quantity of 
material.'' 



JSscperiments on i/ie transverse strength of Mcdleable Iron 
Bectanyular Tubes. 

Experiment XIV., July 31, 1845. — Rectangular tube 18 feet 
6 inches long, 9*6 square, and 17 feet 6 inches between the supports. 
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Thickness of plates, top . . -rr- = '076 inch. 
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The great weakness indicated by this tube in yielding to a weight 
of only 3738 lbs., caused a different arrangement of the plates. A 
new one, of nearly three times the thickness was prepared and riveted 
on the top side : the plate on the lower side was also strengthened at 
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the joints ; and having repaired the other parts injured, the tube was 
again put to the test, as follows : 

Experiments XIY.a, October 9, 1845. — Rectangular tube 18 feet 
6 inches long, 9*6 inches square, and 17 feet 6 inches between the 
supports. 



Thickness of plates, top . . ^^ = '252 inch. 
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Weight of tube = 384 lbs. 
Weight of shackle = 960 lbs. 
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Broke asunder by tearing at a joint on the bottom side 11 
inches from the shackle, where the plate was weakened. 
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Here, by increasing the material at the top of the tube, we attained 
more than double the strength, — thereby showing that fibrous bodies 
like wrought iron, being more ductile, are more susceptible of injury 
from compression than from extension. 

This law is further confirmed by the succeeding experiments. 
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Experiment XV., Jtdy 31, 1845. — Rectangular tube 18 feet 
6 inches long, 9*6 inches square, and 17 feet 6 inches between the 
supports. 



Thickness of plates, top . . ^^ = 0757 inch. 
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Weight of tube = 255 lbs. 
Weight of shackle = 988 lbs. 
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This experiment was repeated with a strong plate 2 feet 7 inches 
long, 11 inches wide, and 'll inch thick, laid along the top, in order 
to stiffen it and throw the strain more upon the bottom plate. The 
results were, however, unimportant, until the tube was reversed, witli 
the thick side upwards, when a very important change was effected, 
as shown in the succeeding experiment. 



ExpEEiMENT XV.^, July 31, 1845. — Rectangular tube the same as 
before ; tube reversed with the thick side uppermost. 

114 

8 



Thickness of plates, top 



•142 inch. 



bottom ^^ = -0757 

14 



„ sides 
Weight of tube « 255 lbs. 
Weight of shackle = 988 lbs. 



106 
14 



= 0757 
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EXPERIMENTAL INQUIRY ON THE 



Weight in 
lbs. 


tionin 
incbat. 


Deflection, 

had 
temored. 


1 
'P.gVAItgf, 


988 
2108 
8228 
8788 
4348 
4908 
6468 
6028 
6588 
7148 


•17 

•50 

•78 

•90 

103 

1-21 

1-87 

1-54 

1-76 


•07 
•14 
•18 
•20 
•26 
•82 
•40 
•60 


5 The deflection, as well as the modulus of elastieiiy, are much 
I greater in this than in any of the former experiments. 






_ 




.-. Ult. deflection =1-76 









If we compare the results of the last two experiments with those 
contained in Experiments XIV. and XV.a, we shall find that the 
proportions of the top and sides are widely different. In both cases, 
however, when the tube was reversed, with the thick side uppermost, 
double, or nearly double, the strength is obtained. Hence it follows 
that, in order to obtain the section of greatest strength, the top side 
of a tube, when submitted to a transverse strain, must be consider- 
ably thicker than its lower side. 

ITiis fact is fully established in every succeeding experiment, as 
well as in those already recorded, for the tube almost constantly gave 
way to compression, unless secured by stronger plates on the top side. 

Experiment XVL, Juyuat 1, 1845. — Rectangular tube 18 feet 
6 inches long, 18 2 5 inches deep, 9 2 9 wide, and 17 feet 6 inches 
between the supports. 



Thickness of plates, top . 



1-840 
9 



= -1490 inch. 



bottom ^ = -2690 



sides 



0-950 
16 



= 0594 



STRENGTH, ETC. OF WROUGHT-IRON BEAMS. 
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Weight of tube = 317 lbs. 
Weight of shackle = 988 lbs. 



Weight In 
lbs. 



Deflec- 
tion in 
inches. 



Deflection, 

load 
removed. 



RllCABU. 



988 
2108 
3228 
4348 
5468 
6588 
6812 



•16 
•30 
•44 
•60 
•70 
100 



•05 
•07 
•10 
•22 



I With thin weight the top plate began to rise 18 inches from 
the shackle, after sustaining the weight for about a minute. 



/. Ult. deflection =103 



Having, in this experiment, crippled the upper side of the tube, it 
was turned upside down after the injured part was straightened, and 
the experiment repeated. 

In most of the experiments the tendency to rupture was slow and 
progressive, — a property which seems to be inherent in sheet iron 
tubes, particularly when they yield to compression. 

Under this species of strain destruction is never instantaneous, as 
in cast iron, but advances gradually, the material emitting during the 
process a crackling noise for some time before the experiment is 
complete and absolute rupture takes place. 



Experiment XVI.fl, Augmt 1, 1845. — ^The preceding tube reversed, 
with the thick side uppermost. 



Thickness of plates, top 



1-345 



= -2690 inch. 



bottom ^-|^ = 1490 
sides . -jg- = '0594 



Weight of tube = 317 lbs. 
Weight of shackle = 988 lbs. 
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Weight in 
lbs. 


Deflec- 
tion in 
inches. 


Deflection, 

load 
removed. 


Remakes. 


988 


•08 






2,108 


•30 






8,228 
4,348 


•42 
•55 


•03 
•10 














5,468 


•70 


•15 








6,588 
7,708 


•80 
•92 


•20 
•24 










8,828 


1-10 


•30 




9,948 


130 


•31 




10,508 

11,068* 

ll,068t 


1-85 
140 
1-60 


•32 
•40 
•60 


* Augugt 2. The weight, 11,068 lbs., was left on the tube 
from half-past 3 o'clock p.x. tiU the following day at half- 
past 9 A.1C., when the deflection increased from 1*45 to 1*60. 


11,628 


1-65 


•53 


t Experiment continued after sustaining the weight 18 honn. 


12,188 


... 


... 


With this weight the top side puckered. 


.-. Ult. < 


leflectio 


n=1^73 









The tube failed with 12,188 lbs. at two of the joints on the top 
side, 3 feet from the shackles. This failure was accompanied by the 
sides bending inwards on one side, with a similar indentation on the 
other, and the top plate doubling at the joints, in the form of the 
letter S. The breaking weight is nearly twice as much as with the 
thick flanch below. 



Experiment XVI.3, September 20, 1845. — The top side still 
yielding to compression, a stronger plate was riveted upon it; 
and in order to cause the bottom to give way to a tensile strain, a 
thicker plate was riveted over the joint on the bottom side, and the 
experiment repeated. Distance between the supports as before, 17 
feet 6 inches ; weight of shackle = 960 lbs. 



STRENGTH, ETC. OF WBOUOHT-IKON BEAMS. 
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Vtm. 


Dellee- 
turn in 
inchai. 


load 
nmored. 


ll»ifAFg«?. 


960 








2,697 


•09 






4,426 


•16 






6A78 


•25 










7,859 


•84 










9,556 


•42 










11,262 


•60 


•07 




12,107 


•65 


•14 




12,990 
13,867 


•72 


•15 


Broke after muBtaimng the weight aome minntes, by tearing 
the riyete from the joints on the upper aide^ 8 £eet 8 inches 
from the shackle. 


.*. mt. deflection =-76 









The great powers exhibited in the last experiment by the addition 
of a certain quantity of material to the upper side of the tube 
suggested a further extension of the experiments, with some slight 
modifications of form in order to render more conclusive the principle 
which the previous trial had indicated. 

For this purpose a hollow girder 25 feet long and 15 inches deep, 
of the following dimensions, was constructed and submitted to 
experiment. 



Experiment XVII., August 2, 1845. — Rectangular tube or 
girder 25 feet \\ inches long, 15 inches deep, 2^ inches wide, and 
24 feet between the supports. 



Thickness of plates, top 



1-300 



= -260 inch. 



bottom i^ = -260 
sides . — TT- = '131 



Weight of tube = 788 lbs. 
Weight of shackle = 800 lbs. 



u2 
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Wfliehtin 
Iba. 


Deflec- 
tion in 
inches. 


Deflection, 

load 
removed. 


BEXARK0. 


800 


•07 


... 


The elasticity remains nearly perfect up to 8640 lbs. 


1,920 


•20 






8,040 


•83 






4,160 


•50 






6,280 


•60 




c 


— 


^ 


6,400 


•70 










7,520 
8,640 


•88 
•95 


•07 


»- 








9,760 


1-20 


•16 




10,880 


135 


•20 




12,000 


1-50 


•25 




13,120 


... 


... 


Broke by tearing through the solid plate on the bottom side, 
7 inches from the shackle^ as the weight was laid on. 


.-. Ult. ( 


leflectio 


n= 1-613 









A flaw having been discovered in the plate where the fracture took 
place from imperfect welding, a stronger plate, 14 in. long and one- 
fourth of an inch thick, was riveted over the crack, and the experiment 
repeated. 



Experiment XVILa, August 4, 1845. — Rectangular tube the 
same as before. 



Dimensions. 



Top flange . . 6 inches x 0260 inches. 
Bottom flange .10 „ x 0*260 „ 
Sides .... 15 „ x 0'31 
V Between sides 2*25 



STRENGTH, ETC. OF WBOUOHT-IEON BEAMS. 
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Wdgbtm 
Ibe. 


Deflec. 
tionm 
inches. 


Deflection, 

load 
removed. 


BraCABKS. 


5,280 


•65 


•08 




6,460 


•77 


•15 








7,520 


•90 


•18 








8-640 
9,760 


105 
1-20 


•23 
-30 










10,880 
12,000 
13,120 
14,240 


1-31 
1-46 
1-60 
175 


•21 
•21 
•21 
•60 


/ The defects of elasticitj wen not» from some unknown causes, 
\ dearly indicated, until the weight 14, 240 lbs. was remoYed, 
1 when the defects were found »'60. Probablj this might 
^ hare arisen from some unequal tension. 


14,800 


211 


•62 




15,360 


217 


•62 




16,920 


2-28 


•68 




16,480 


2-36 


•74 




17,040 


2-38 


•80 




17,600 


... 


... 


With this weight the top plate gave way by compression. 


.-. TJlt. 1 


ieflectio 


n=2-66 









As this description of beam indicated very considerable powers of 
resistance, it was deemed advisable stUl further to test its powers by 
allowing the weight 14,240 lbs. to remain suspended during the night. 
This was done during a period of seventeen hours, after which the load 
was removed. The deflection during that time had increased from 
1-75 to 200 = -25, and the loss in elasticity was -60 — 80 = '3. 

The beam during the last two experiments had suffered considerably 
from the severity of the strains to which it had been subjected ; and 
it was considered that the anomalous condition of puckering, which 
had all along been present, might be avoided by reversing the girder 
with the broad flanch uppermost. This was accordingly done, the 
mjured part having first been straightened, and a strong plate 19 
inches long having been riveted upon it, the experiment was again 
proceeded with, as follows : 
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Experiment XVII.3, August 5, 1845. — ^Rectangular tube, same as 
before ; the beam reversed, with the narrow flanch downwards. 



Weight in 
lbs. 


Deflec- 
tion in 
inches. 


Deflection, 

load 
remored. 


Remarks. 


9,760 
10,880 
12,000 
13,120 
14,240 
15,360 
15,920 


1-40 
1-65 
1-83 
203 
2-30 
249 


•38 
•50 
•59 
•69 
•84 
•97 


1 The deflection and permanent sets must be added to and 
( subtracted from the respectiTe numbers 1'40 and *88. 


1 Broke when the weight was laid on by extension, the lower 
( plate tearing asunder 6 inches from the centre of the shackle. 


.-. TJlt. deflection =2-58 









Owing to the broad flanch being placed uppermost, it was expected 
that the tube would )deld to extension, which was the case ; but the 
plate gave way at the rivets of a joint at some distance from the 
centre. This joint, moreover, had been a good deal strained by the 
former experiments, which may account for its fracture by a 
comparatively less weight. 



Experiment XXV., September 20, 1845. — Having tested the 
powers of the larger description of girder in a variety of ways, the 
smaller one was treated in the same manner, as follows : 

Rectangular girder 12 feet long, 8 inches deep, 1 inch wide, and 
11 feet between the supports. 

1'41 
Thickness of plates, top . . -r- = "282 inch. 

bottom ~H = 116 „ 



sides 



101 
15 



= 067 



Weight of tube = 125 lbs. 
Weight of shackle = 930 lbs. 



STRENGTH, ETC. OP WROUGHT-IRON BEAMS. 
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Weight in 
lbs. 



Deflec- 
tion in 
inches. 



930 


•06 


1,780 


•11 


2,630 


•16 


3,516 


•21 


4,382 


•26 


5,214 


•82 


6,105 


•87 


6,543 


•41 


6,996 


•44 


7,483 


•47 


7,861 


•51 


8,273 


•64 


8,693 


•68 


9,107 


•62 


9,545 


•67 


9,974 


•74 


10,386 


•87 


10,827 


106 


11,254 


... 


BeunreT 


ened. 



6,113 
6,549 
6,978 
7,146 



•61 
•60 

•74 



Deflection, 

load 
remoTed. 



•010 
•012 
•036 
0-40 
•050 
-068 
•076 
•097 
•118 
•160 
•243 
•326 



•10 
•13 
•23 



RSKi.RXB. 



When 9974 lbs. were laid on, the ends, from the extreme 
thinness of the plates, were giying way at the supports ; 
two pieces of hard wood were, however, inserted between 
the sides, which kept them straight and prerented them 
from twisting. 



.•.XJlt. deflection = ^75 



I 



' The top plate doubled np with this weight 4 inches from the 
I shackle. Finding the top of the beam the weakest, it was 
I tnmed upside down, and a weight of 6113 lbs. laid on to 
straighten the injured part. 



With this weight the top plate was forced upwards. 



This girder, although extremely light on the sides, with a tolerably 
thick top, nevertheless gave way by compression. Its bearing powers 
were very considerable with the thick side uppermost ; and provided 
that part had contained a little more material, it would have carried 
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upwards of 12,500 lbs. During the progress of the experiment I 
had frequent conferences with Mr. Stephenson ; and having reported 
to him from time to time the results that were obtained, and the 
impression they made upon my mind, he suggested that it might be 
desirable to have a tube made of an entirely different form, in order, 
if possible, to throw the top side as well as the bottom of the tube 
into a state of tension. This suggestion was intended to obviate the 
anomalous condition of puckering, and to prevent as much as possible 
that tendency to " buckle," which, in every instance, is more or less 
present in rolled sheet-iron plates.* It had a fmrther object in view, 
namely, to relieve the strain on the centre of the tube, whether 
arising from the effects of its own weight of the load, by extending 
the length beyond the supports to a distance of half the span on 
each side. This additional weight, extending over the piers, was 
expected to act as a counterpoise; a a being the fulcrum to that 
part of the tube in the middle, and it would also assist in the support 
of the load during the passage of the trains through the tubes. For 
these objects a tube was made of the form shown in fig. 47. 




Pig. 47. 



Experiment XVIII.flr, August 3, 1845. — Rectangular tube 37 
feet 8 inches long, 13-25 inches deep in the middle, 1\ inches wide, 
with the upper part raised to 17*25 inches, as at aa, and 18 feet 
between the supports. The width of the top and bottom plates was 
as follows : 



* It is almost next to impossible to roll plates with all the parts in the same 
degree of tension. Almost every plate has more or less buckle, and it requires 
no inconsiderable degree of skill to elongate those parts of a plate where the 
tension is greatest, and also to find out the parts which cause the '* buckle." A 
considerable portion of variable tension in the composition of plates is probably 
caused by unequal contraction in the process of cooling, and also by a difference 
of temperature in the blooms from which the plates are rolled. 



STBENGTH, BTC. OP WROUGHT-IEON BEAMS. 

1*140 

Thickness of plates, top . , — g- = '1425 inch 
„ bottom — g- = -1425 „ 
„ „ sides . Trr— = -1127 „ 
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Weight of tube = 640 lbs. 
Weight of shackle = 800 lbs. 



Weight in 


Deflec- 
tion in 
inehea. 


load 
removedL 


BUCARXS. 


800 


•09 






1,920 


•20 


•02 




3,040 


•32 


•06 




4,160 


•45 


•09 


< 




«» 


5,280 
6,400 


•59 
•71 


16 
•19 


4 




& 




7,520 


•84 


•22 




8,640 


•99 


•27 




9,760 


118 


•32 




10,880 


*•• 


... 


With this weight the top plate doubled np 1 foot 6 inches 
from the shackle. 


.-. TJlt. deflection =1-31 









After the top side had yielded to compression the weights were 
removed, and the supports under the bottom having been lowered, 
the tube was supported on two cross-bars passing through the 
tube, as at a a, fig. 47, and the weights were again suspended 
upon it. 

These weights, when laid on, made no difference in changing the 
direction of the forces, as the top plate was again forced upwards by 
compression, and that to a greater height than before, accompanied 
with increased distortion of the sides^ which shortly became collapsed 
diagonally on each side of the shackle. In this experiment it is 
probable that some degree of tension was induced along the upper 
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line of the top plate, as the extreme end of the tube was raised with 
some force as the weights were increased. This property of the 
weight raising the end over the fulcrum aa was strikingly apparent 
when the whole weight = 10,800 lbs. was laid on ; but it did not 
appear to alter the conditions of the middle part, which was forced 
upwards by compression, and followed the same law as if it had been 
formed of a single beam. 

These appearances indicated a tendency of the two ends, then 
extended to half the distance between the supports, to act as a 
counterpoise, and not only to change the direction of the strain on the 
top side, but reUeve the bottom, which in other respects must have 
borne the whole weight. From this it is inferred, that the tube in its 
full size would be greatly relieved by increasing its length on each 
side of the land-towers, as in the case of the Britannia Bridge, to the 
extent of half the span. 

As a further illustration of these views, the injured part of the 
tube was repaired by riveting an additional plate of the same thick- 
ness along the top side over that previously damaged. With this 
addition the experiment was again repeated. 

Experiment XVIII. repeated, August 10, 1845. — Rectangular 
tube same as before. 

Thickness of plates, top ... = '2850 inch. 
„ „ bottom . = -1425 „ 

sides . . = 1127 „ 
Distance between the supports, 18 feet. 



STBSNGTH, ETC. OF WBOUGHT-IRON BEAMS. 



107 



W^^ 


I>ellee- 
tionin 
inclui. 


lOkd 
rOUkOTOd. 


BBXAUg. 


7,520 


•68 










k 


8,610 


•84 


•04 








9,760 


•99 


•10 


Id 






10,880 
12,000 


116 

rsi 


•16 
•25 


1 With tliiB weight, 12, 000 lbs., the aides were slightly puckered, 
1 indicating a tendency to foroe the top side upwards. 


12,560 


1^40 


•82 




13,120 


164 


•42 




13,680 


... 


... 


{ Pnekered as before by oompresBion, the top plate doubling np 
( 18 inches from the shackle. 


.-. tnt. deflectio 


.n=1^71 









On consulting the two last experiments, it is obvious that no great 
increase of strength was obtained by doubling the thickness of the 
top plate. This may, however, be accounted for by the circum- 
stance of the top plates being under instead of above the line of 
compression. 

In every description of girder composed of malleable iron, and 
probably of any other material, the upper side should be elevated to 
a greater height than the line of ultimate deflection. It should 
always be above, but never below, the horizontal line of compression. 
Another cause of the failure of this tube, with a comparatively less 
weight than the increased thickness of the top would indicate, might 
be traced to the severe injuries which that part sustained in the pre- 
vious tests. Hence followed the puckering of the top side, at a 
much earlier stage of the experiment than it should have done had 
the plates been sound and the line of the forces changed. The 
experiments on this form of tube are perhaps the more interesting 
from the fact, that they exhibit certain defects of form which it may 
be desirable to avoid in girders of this description. If the parts 
suspended beyond the piers are intended to act as a counterpoise to 
the load, it will then become necessary to have the girder of uniform 
strength and texture, with a slight curvature of the top side about 
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one-tenth the depth. With these precautions in the construction, the 
strength would be greatly improved, and, being subjected to severe 
strain, will follow the same law, as regards extension and compression, 
as those of a girder of the simple form. 

During the progress of Experiment XXII., when the elliptical tube, 
after being strengthened by an iron cellular fin, riveted along the top, 
was found defective in resisting the crushing force, it then occurred 
that a diflferent construction might be introduce^, so as to give 
strength and rigidity to that part. For this purpose I sketched out, 
and gave orders for the construction of, a tube with a corrugated top, 
forming two longitudinal cavities along the whole of its top side, as 
exhibited in the annexed sketch. Experiment XXIX. 

This tube was executed with considerable care; and having 
been submitted to the usual experimental test, the results were as 
follow ; — 

Experiment XXIX., October 14, 1845. — ^Rectangular tube, with 
a corrugated top 19 feet 8 inches long, 15*4 inches deep, 7 '7 5 inches 
wide, and 19 feet between the supports. 

Thickness of plates, top y = '115 inches each. 

„ „ bottom = -180 „ 

„ „ sides . = '070 „ 

Weight of tube = 500 lbs. 
Weight of shackle = 988 lbs. 

The tubes or cells a a were 1*65 inch in diameter. 



RTB2N6TH, ETC. OP WBOUOHT-IBON BSAMS. 
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Waghtin 
Urn. 


Deflw- 
tumin 
inches. 


Deflection, 

ICMUl 

remored. 




988 


•035 






2,786 


•110 






4,468 


•190 






6,215 


•270 




a a 


7,924 


•340 


•020 








9,636 
U,884 


•424 
•623 


•060 
•062 


gm 


_ 






13,041 


•640 


•095 




14,751 


•736 


•125 




16,490 
18,205 
19,065 


•870 
1070 
1155 


•186 
•276 


{ WiUi the weight 18,205 Ibo. the deflection increased -02 inch 
t in thiee minntei. 


19,918 


1-270 


•400 




20,764 


1425 






21,629 


1-520 


•590 




22,469 


• •• 


... 


Broke by the side plate tearing from the top at two feet from 
the shackle. 


.-. Hit. 


deflectic 


>n=l'59 









A short time previous to the tearing of the sides from the top at 
the rivets, that part had begun to assume a slightly undulating 
appearance on one side, arising from the weakness of the side plate, 
which gave way near to the shackle. This was not, however, the 
only part that suffered under the strain, as the opposite side was 
tearing from the bottom plate, at the same time evidently showing a 
rapid approach to rupture on both the lower and upper sides of the 
tube. These parts exhibited important features in the due and per- 
fect adjustment of the top and bottom, which in this case were 
calculated to resist, as nearly as possible, the forces acting upon 
them. 

Another property of considerable importance in this description of 
girder is its progressive tendency downwards to destruction. It is 
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widely diflferent from cast iron and other crystalline substances in 
this respect, since, from its fibrous nature and greater ductility, it 
gives timely warning before rupture takes place. 

This property was noticed in several of the former experiments ; 
and in this experiment it became more apparent after the whole 
weight, 22,469 lbs., was laid on. 

With this weight more than three minutes elapsed before the 
experiment was completed, and the tube rendered unfit for use. 

Experiment XXX., October 10, 1845, on a malleable iron beam 
of the annexed sectional form, 11 feet 7 inches long, and 11 feet 
between the supports. 

Dimensions at a = 1*000 inches x 2^ inches. 

„ 3= -325 „ x7 „ 

„ c= -380 „ x4 
Weight of beam = 227 lbs. 
Weight of shackle = 885 lbs. 



Wdghtin 
Iba. 


Deflee- 
tioDin 
inehes. 


Deflection, 

load 
removed. 


Rbiubks. 


886 
2,681 
4,317 
6,050 
7,743 
9,493 
11,253 
12,966 


•04 
•12 
•20 
■26 
•36 
•46 
•60 


•09 


With this weight the beam became distorted, and oontiaiiiiig 
the weight for some time, the deflection kept inereasmg imlil 
it bent lateraU J, BO as to be no longer able to sofltain the load. 


.•.int. deflection =-6 9 



Experiment XXXI., October 10, 1845, on a malleable iron beam 
of the annexed sectional fonn, 10 feet 8 inches long, and 10 feet 
between the supports. 



STRENGTH, ETC. OF WEOUOHT-IBON BEAMS. 

Dimensions at a = 1*000 inches x 2f inches. 



Ill 



„ b= -350 „ 
■ „ c= -440 „ 
Weight of beam = 247 lbs. 
Weight of shackle = 885 lbs. 



x8 
X4-30 



WeigUin 


Deflec- 
tion in 
inches. 


Deflection, 

lOKl 

remoTed. 


KUAKKI. 


885 








2,631 


•04 




• 


^358 


•12 






6,098 


•15 




m^m*-» 


7,827 


•19 




T 


9,585 


•21 




i~. 


11,278 


•28 




^». 


12,980 


•30 


•03 




14,698 


•35 


•03 




16,373 


•45 


•09 




18,115 


•68 


•26 




18,962 






With this weight the beam was distorted, and the experiment 








disoontinaed. 


.'. TJlt. deflections '71 



In both these experiments the beams yielded to lateral deflection, 
showing certam defects of form, arising from want of lateral strength 
and breadth in the top and bottom flanches. 

Experiment XXXIL, October 10, 1845. — Malleable iron beam, of 
the same form as the last, 10 feet 7 inches long, and 10 feet between 
the supports. 

Thickness a = 1000 inches x 275 inches. 
«= -380 „ x8 
(? = -420 „ X 4-30 „ 

Weight of beam = 276 lbs. 
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Wdghtin 


Deflec- 
tion in 
inches. 


Deflection, 

Io«l 
remored. 


Rk¥AB1CB. 


886 


•020 






2,606 


•050 






4,864 


•090 






6,105 


•110 






7,835 


•140 




|^ah--o 


9,659 


•165 


•03 




1 J 


11,257 


•195 


•03 


• ^M^ 


12,999 


•220 


•04. 


^mm^c 


14,728 


•250 






16,407 


•250 






18,108 


•290 






19,839 
21,553 


•370 
•475 




I With 21, 553 lbs. the deflection increaaed in four minntes *025, 
\ in the next four minutes *10, and in four minutes more it 


22,887 


•590 




( had sunk to *34. 


23,046 


... 


... 


( Bent laterally upwazds of 2*65 inches, vhen the experiment 
\ was discontinued. 


.-. TJlt. deflect! 


Lon=*6 







The above was the last trial made upon solid beams. They are 
obviously much inferior in strength to the hollow rectangular girders. 

The preceding experiment was completed on the 14th of October, 
1845 ; and from that time till the beginning of July following little 
or nothing was done. An abridged report, giving a smnmaryof 
results from the experiments, was read to the directors of the Chester 
and Holyhead Railway Company. That report is now before the 
public ; and from the satisfactory nature of the results therein 
recorded, and those in particular obtained from the tube with the 
corrugated top, the Directors were induced, through the recommenda- 
tion of Mr. Stephenson, to adopt this description of bridge in prefer- 
ence to others of a less practical character. It was nevertheless 
considered necessary to make some further experiments on a larger 
scale, in order to determine the form and proportions of the tubes. 
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For these objects^ an entirely new model tube, exactly one-sixth the 
dimensions of the Britannia Bridge, was constructed; and having 
arranged the apparatus, the experiments were proceeded with as 
before. 

I have given the foregoing extracts from the experiments instituted 
to determine the form and strength of the Britannia and Conway 
Tabular Bridges. As these experiments were the first that had been 
made upon malleable iron beams, and as they are of the highest 
importance, considered in relation to the extended application of 
wrought iron in the construction of buildings, their insertion in this 
work will not be without its use, if it aid in directing the attention 
of the younger branches of the profession to an effective as well as an 
economical distribution of a highly valuable material. 

Since the above experiments were made, others of equal interest, 
and bearing more directly upon the subject of beams for supporting 
floors, have been entered upon. These experiments were made on 
beams of the annexed form. 

EXPEEIMENT XXXIII. 

Dimensions at a = 8^ x ^-inch angle-iron. HF'* * 

„ „ i ='37 X 16 inches. 

„ „ c = 8^ X ^-inch angle-iron. 
Weight of beam = 1880 lbs. 
Distance between the supports, 24 feet; depth, 16 inches. 

This beam was loaded in the middle progressively with about a 
ton at a time, until 14^ tons were laid on, when a deflection of 1*6 
inches was obtained. In attempting to lay on additional weights a 
considerable lateral flexure took place, which caused the experiment 
to be discontinued. All malleable iron beams of this description, 
whether riveted or rolled, are defective in their resistance to lateral 
flexure, and require to be not only duly proportioned as regards the 
sectional areas of the top and bottom flanches, but they also require 
something to give them lateral stijShess, in order to prevent distortion 
in that direction, which in many cases takes place before the beam 
has attained its full powers of resistance. 
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It will be observed that the beam above referred to had its 
jQanches of similar section and equal areas ; whereas the top flanch 
should have been nearly double the area of the bottom one, in order 
to have equalised the forces of resistance to the transverse stram : 
had this been the case, and had the beam been fixed, so as to have 
prevented it from yielding in a lateral direction, it would have borne 
about 81 tons, for we have by the usual formula — 

Now with half this weight the beam became distorted, partly from 
weakness on the top side, and partly from want of lateral stiffness. 
It will not be necessary to record all these experiments, as most of 
the beams yielded to lateral flexure, owing to the ductility of the 
material and the facility with which it bends at right angles to the 
load, unless supported by stays, floors, or brick-arches in that 
direction. Under ordinary circumstances those supports are not 
always applicable ; therefore it will be safer, and more in accordance 
with the experiments, to take 60 for the constant in the usual 
formula instead of 80,* which applies to the tubular form of beams, 
or to the plate-beams which are secured from lateral flexure. 
Adopting this number, and assuming that the beams are carefully 
proportioned in the areas of their respective angle-irons or flanches, 
the top being nearly double that of the bottom, we have for the 
above beam, with the top flanch doubled in thickness, or a plate 
riveted along the centre part of the top, the following results : 

W = ^^<1^ = 23-3 tons. 

Which gives the ultimate strength of a wrought-iron beam of the 
above construction, when subject to lateral flexure. 

Experiment XXXIV. — On a beam of wrought iron, composed of 
a uniform vertical web (7 inches deep, and 7 feet 6 inches long), 
with two angle-irons riveted to both top and bottom of the rib; 
rivets, 4 inches asunder. '^ 

* Or 75 for the large plate beam, aa indicated on page 82, 
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Distance between supports, 7 feet. 

CD = 7 inches. 
AB = 4-5 
m = 4B 
Mean thickness of AB = '28 
EF= -30 
.. GH= -25 



c 

< J P J 

1 



Fig. 48. 



Weight m 


Defl«o- 
tionin 
inehei. 


Bnusu. 


4,216 

8,304 

16,480 

18,667 

22,027 

In fire) 
minntM { 

24,379 


•10 
•18 
•25 
•36 
•62 
•64 
Sank. 


9 



With the weight 24,379 lbs. the top rib of the beam became 

twisted. 

Experiment XXXV. — On the same beam, rendered straight and 
unifonn. 



Weiglitm 


Deete- 
tionin 
ineh«*. 


BaxAua. 


16,115 
18,855 
19,476 
20,595 
21,715 


•29 
•36 
•42 
•51 

Sank. 


TIm Utm mm heated by the mtithi, snd when ledneed to He 
ori^nal fonn it ma allowed to eool gtadnalljr. 



i2 
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With 21,715 lbs. it became bent towards the wall, in a direction 
in which it was sHghtly drawn by the lever. Bibs not twisted as 
before. 

The area of the bottom of this beam is 2 8 inches ; hence, by 

formula — 

2-8x7x60 



84 



= 14 tons = 31,360 lbs. 



That the beam broke with 24,000 lbs. is owing to want of more 
material in the top to balance the strength of the lower flange. 

Collecting together the results of all the experiments on rect- 
angular tubes, they may be tabulated as below, to faciUtate 
comparison. 



Summary o/BestiUs of JSxperimenta on Eeetangular Tubes. 



•si 


4» 


oftalM. 


oftabe. 


ThiekneMofpIrte 
ininehei. 


li 


Braakinc 
weiglit. 




Top. 


Bottom. 


14 


ft. in. 
17 6 


in. 
9-6 


in. 
9-6 


in. 
•075 


in. 
•272 


in. 
110 


IbB. 
8,783 


Bioko bj oamptmiau. 


14lA 


17 6 


9-6 


9-6 


•272 


•076 


118 


8,278 


(Serened). Bxtennon. 


15 


17 6 


9-6 


9-6 


•075 


-142 


0-94 


8,788 


Comfgreaion. 


16a 


17 6 


9-6 


9-6 


•142 


•075 


1-88 


7,148 


(Berened). Rxteniion. 


16 


17 6 


18-25 


9-25 


•059 


•149 


0-98 


6,812 


CompreMion. 


16a. 
17 


17 6 
24 


18-2b 
1500 


9-25 
2-25 


•149 


•059 


1-78 
2-66 


12,188 
17,600 


OompnMion. 


18 


18 


18-25 


7-50 


•142 


•142 


1-71 


18,680 


Compnarion. 


23 


18 6 


18-00 


8-00 


•066 


•066 


119 


8,812 


Comprenion. Fin on top. 


25 


11 


800 


1-00 


-282 


•116 


0-75 


11,254 


1 
Compreenon. 


29 


19 


16-40 


7-76 


•280 


•180 


159 


22,467 


Sdes distorted. Com■«Uedto^ 

1 



These results may be compared together by means of the formula, 
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which expresses the ratio of the strength and dimensions for all 
tabular girders. In this formula, W = breaking load ; A = the 
area of the whole cross-section ; C a constant which must be deter- 
mined by experiment for the particular /on» of the tube ; d and / the 
depth and length as before. Here it wiU be observed that, finding 
W by experiment, the value of C determined for diflferent forms of 
section wiU enable us to ascertain their comparative strength, — ^the 
higher the value of C, the greater the strength for a given amount of 
material. Hence, deducing the value of C from the different experi- 
ments on rectangular tubes, we obtain the following results. 



Cwiiparatice Strengths of Bectangular Tubes indicated by the value of C. 



No. of 
Bipoi- 
menti. 


Braakiiig 
vogbtin 
tons or W. 


Ana 

■eetionor 
Talneof A. 


Talmof 

eonatantC 

in torn. 


Batioof bottom 
flaneh to 
topflanoh. 


Bjexabu. 


14 


1-71 


3-20 


11-7 


1 : 101 




14a 


8-73 


5-32 


15-8 


1 : 3-86 




extennon. 


15 


1-74 


404 


9-5 


1:0-58 




oompreflnoii. 


15a 


3-24 


404 


17-8 


1 : 1-87 




eztenaioiL 


17 


803 


800 


19-3 


1:0-60 




comprowion. 


25 


505 


2-90 


28-6 


1 : 1-62 




oomprenion. 


25a 


8-20 


2-90 


180 


1:0-61 




oompromofQ. 


29 


10-18 


705 


21-8 









The results, as exhibited in the above table, show most remarkably 
the effect of the distribution of the material upon the strength of the 
girder. Experiment 15, for instance, in which the area of the top 
flanch was only half that of the bottom, gives a constant = 9*5 ; but 
experiment 15a, with the top flanch twice the area of the bottom, 
gives C = 17*8, or nearly double the former. With the exception 
of Experiment 17, which is slightly anomalous, the results are 
remarkably consistent. 

It is also interesting to observe, that the rectangular is con- 
siderably stronger than either the circular or elliptical sections. 
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Selecting from each series the experiments upon girders in which the 
section approximated to the strongest form, we obtain the foUowmg 
ratios for the comparative strengths of the tubes. 

Mean Talne of C. 

For the cylindrical tubes 13*03 

For the elliptical tubes 15-3 

For the rectangular tubes 21*5 

Further, it will be instructive to compare the ratios of the weight 
of the tube to the breaking load, as an indication of the comparative 
strength of the tubes. The following table gives the results reduced 
from the experiments. 



Comparative Weights and Strengths of Bectangular Tubes. 



No. of 
Expeii- 
ntant. 


Dutanoe 
between 
Bopporta. 


Weight of 
tnbe. 


Breaking 
weight. 


Batioof 
weight to 
■trength. 




ft. in. 


11m. 


lbs. 




14 


17 6 


202 


8,738 


1:18 


14a 


17 6 


384 


8,273 


1:21 


15 


17 6 


255 


3,788 


1:14 


15a 


17 6 


255 


7,148 


1:28 


16 


17 6 


817 


6,812 


1:21 


16a 


17 6 


317 


12,188 


1:38 


17 


24 


788 


17,600 


1:22 


23 


18 6 


267 


8,812 


1:33 


29 


19 


500 


22,469 


1:50 



For further comparison of the results in the last table, it nur^ 
be observed that the ratio of the weight of a tube to its breaking 
weight varies directly as the depth of the tube when the length is 
constant. 

Similarly we may compare the' results of the experiments upon 
rectangular bewis ; the results, reduced as before, give the following 
comparative strengths : — 
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Comparative Strengths of Rectangular Beams^ indicated by the value of C. 



1 

No. of 

IS^)eii- 

ment. 


Breaking 
weight in 
tona, or 


Area 
section, or 
Talne of A 
in inches. 


Value of 
constant 
C in tons. 


Batioof 

bottom 

flanehto 

topflanch. 


BlMiLBXS. 


30 
31 
32 
33 
34 
35 


5-83 

8-62 

10-35 

14-80 

10-88 

9*69 


6-29 
7-44 
7-59 
18-9 
6-3 
63 


14-3 
14-5 
17-3 
140 
20-7 
18-7 


1:1-6 
1:1-4 
1:1-6 
1:10 
1:0-9 
1:0-9 


Bent laterally. 
Distorted. 
Bent Uterally. 
Bent laterally. 
Top rib twisted. 
Bent laterally. 



In consequence of the beams giving way laterally, the above 
experiments are far from conclusive, and they are of too limited a 
number to give very definite results. They, however, prove that the 
top flanch should be much larger than the bottom, and, taken in 
connection with the preceding experiments on similar tubular beams, 
afford sufficient data for determining their proper form. 



ON WBOUGHT-IEON TEELLIS GIEDEES. 

Since the foregoing experiments were made, I have had occasion 
to investigate a series of constructions of wrought iron intended for 
the building erected in Dubhn for the Great Exhibition of 1853.* 

This building, like its compeer at New York, is erected on nearly 
the same principles as the Crystal Palace of Hyde Park in 1851. 
There is, however, this difference, that the beams for supporting the 
galleries of the Great Exhibition building of 1851 were of cast iron, 
whereas those of the Dublin Exhibition building are Trellis Girders, 



* This great national work was undertaken at the suggestion and sole ex- 
pense of my friend Mr. William Dargan, the friend of Ireland and the promoter 
of Irish industry. 
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composed entirely of malleable iron of the flat bar, angle Li wid T 
forms. The following sketch is a correct representation of one of 
these trellis beams : 
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Experiment to determine the Strength and Secwrity of open Trellis OirderSy 
as shotpn in the foregoing Diagram {fig, 49). Oct. 12, 1862. 



1 

-WeigbtUid 
oaintiHia. 


Drfedaonin 
indhai. 


BnuBU. 


1 

2 
8 

4 


•107 
•187 
•250 


Witb three (one the diagoula a a wen dightlj boeUed, and 
eontinmd to loee their powen of iMMtMiee M the addhiaul 
'' ^ weights were laid on. 


6 


■258 




6 


•266 




7 


•867 




8 


•500 




9 


•633 




10 


•638 




11 
12 
13 


•760 

'•875 

•906 


The wdghti from three tons were all plaoed en the middle part 
of the girden, or witiiiii the two' Twtieal itnita e c. With 

19 tona the diagonal ban o a had bDoUed2|iiiehes; with 

20 tona, 8 inches ; and with 26 tons, 8} inches. 


14 


1-000 




15 


1034 




16 


1-070 




17 


1-088 




18 


1130 




19 


1162 




20 


1185 


/ 


21 


1-188 




22 


1195 




28 
24 


1-203 
1-218 


These weights wen plaeed neater the ends of the girdcm 


25 


1-224 




26 
27 
28 
29 
80 
81 
82 


1-240 

1-280 

1-372 

1-440 

1-513- 

1-560 

1-624 


At this point the diagonal stmts or pbtea a a wtn bent 
eonaidetably, so as to render them totaUjr inadequate as 
sapports to the upper flanch of the girder. 

28 tons was left on the girders fbr three days withont any 
apparent inereaae in the deflection. 

{he nperiment, as the ^rden wen conndenbly crippled in 
the end diagonal stays a a, which wen pnckered to the extent 
of fimr inches or iqiwards. 
Pennanent set, -66 inches. 
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As some doubts were entertained as to the security of this form of 
gii*der, it was deemed expedient, on the part of Mr. Dargan and the 
Committee, to reassure the pubhc of their safety ; and for this object 
I was requested to visit Dublin and report thereon. To accomplish 
this object, I had two of the girders supported at the extremities at 
a distance of about four feet asunder ; and having covered the centre 
part of the top with a wooden platform, the girders were pro- 
gressively loaded with iron in the foregoing manner, until a de- 
flection of 1*62 inches was attained, when the experiment was 
discontinued. 

From the commencement the diagonal stays a a exhibited very 
defective powers of resistance, and, in fact, were of little value in 
supporting the upper flanch exposed to compression. To render 
these parts eflfective, they should have been constructed of T or angle 
iron, in order to give the required rigidity in their resistance to a 
crushing force, which was pressing upon them in the direction of the 
abutments as the deflection of the girders increased. In every con- 
struction of this kind, it is desirable that the direction of the forces 
should be duly considered in order to bring the bearing powers of all 
the parts simultaneously into action. 

After a weight of 82 tons was laid on the beam, the ultimate 
deflection was found to be 1*6 inches ; and having removed the 
weights, the deflection was again taken, when there remained a 
permanent set of '65 parts of an inch. 

In the construction of girders of this description, there appear to 
be defects both in respect of the form and of the distribution of the 
material. Throughout the experiments the diagonal beams b h were 
in a high state of tension, forming, with the bottom flanch, the chief 
element of strength, as a truss supporting the more rigid part of the 
structure, or top flanch A A ; and this was accomphshed without 
their receiving adequate support from the diagonals a a. On the 
contrary, the diagonals a a are not only weak and defective from 
their thin-plate form, but the cross diagonals e ^ are also inoperative, 
and become perfectly slack, from the effects of tension upon the 
diagonal bars h h and the bottom flanch, which, in fact, supports 
the load. 
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If the diagonals were made of T or angle iron, so as to act as 
struts, calculated to resist compression as well as tension, and the 




two centre diagonals entirely removed, leaving only a vertical T-iron 
stay in the middle, as at S, fig. 60, we should then have a girder of 
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considerably increased strength, and that without any increase of 
material. This alteration, with perfect workmanship in the con- 
nection and union of the parts, would not only increase the 
strength, but greatly enhance the value of structures which are in 
such great demand for buildings of large dimensions, such as 
crystal palaces for industrial exhibitions, termini for railways, and 
other buildings. 

The above diagram, fig. 50, shows the position of the load, 82 tons, 
laid upon the girders, and also the suggestion for dispensing with 
the middle diagonals e e, shown in the original girder fig. 49. 

Let us now proceed to determine a formula for calculating the 
strength of these trellis beams. 

We may regard a trellis beam as an imperfect double-flanched 
beam, where the material of the section is collected at the top and 
bottom parts. We say imperfect double-flanched beam, because the 
connexion between the top and bottom parts is not so completely 
maintained as it would be by an unbroken plate or rib. However, 
with some allowance for this imperfection, we may calculate the 
strength of these beams on the same principle as the ordinary double- 
flanched-beams. Thus we have 

W = ^, and(? = ^S 

where a is put for the area of the bottom part* 

In order to determine the value of the constant for trellis beams, 
we have, from the Table of Experiments, 

W = i (32) = 16 tons, / = 23^ x 12, a = 2*8, and ef = 3 x 12; 

hence we have 

_ 16 x28^x 12 _^^ 
^ " 2-8 X 3 X 12 " ^^ ' 

... w = :^...(i). 

Hence the value of the constant is only about one-half that for 
tubular beams.* 



* By some inadvertence, an error was made in the above calculations in the 
first edition of this work. 
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Another remarkable instance of the weakness and insufficiency of 
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the trellis girder is that derived from experiments on two of the 
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girders supparting one of the 'arches of the Central Hall of the 
Art-Treasures Exhibition at Manchester. As in the case of the 
Dublin Exhibition, doubts were entertained of their security, and on 
this occasion, as in the former, I was called upon to give an opmion 
as to their efficiency for the work they had to perform. 

This girder it will be observed, is composed of vertical T-iron 
struts, a a a, formed of two T-irons placed back to back, with 
suspenders b b b^ between them. These are attached by single rivets 
to angle-irons forming the top and bottom flanches, and the ends 
of the girder are supported by two cast-iron standards c c. 

Experiment to determine the Strength of Open Trellia Oirders^ similar 
to that shovm in Jig, 61. Jan., 1857. 



No. of Bx- 
periment. 


Weight laid 
oninlbB. 


ininehM. 


RUCABU. 


1 


2,660 


• •« 




2 


6,320 


+ 


~ 


8 


8,204 


•16 




4, 


10,864 


•29 




5 


14,224 


•48 




6 


16,884 


•58 




7 


19,544 


•74 




8 


21,962 


91 




9 
10 
11 


24,612 
27,272 
29,466 


128 
148 
167 


r One of the diagonal braoes gave wa^— the rivet teving 
\ throngh the hole. 

Broke with 18*15 tons on the two girden. 



The two girders were placed side by side, at some distance apart 
as in the last experiment, and blocks of wood being placed so as to 
support the ends, they were firmly bolted together, the weights being 
placed in the centre. 

Applying the formula 



c = 



ad' 
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in order to determine the value of the constant for this beam, we 
have 

W = 6-57 + -26 tons; /= 23^ x 12. 

fl = 48 ; rf = 20 inches. 

This girder, it wiU be obser\'ed, gives a very low constant, and is 
in every respect a weak and imperfect construction. Its great defect 
however is the weakness of the suspension bars, at the part where 
they are attached to the angle irons, top and bottom, by single rivets. 
In some of the rods the rivet-holes were so near the edge as to cause 
the strain to cut out or tear away the iron at that part, so that the 
girder gave way long before all the resisting powers of the bottom 
had been brought into operation. Had the girders been duly 
proportioned and carefully made, they would probably have given a 
constant at least as high as those for the Dublin Exhibition. All this 
class of open girders are however weak, uncertain as regards work- 
manship, and not to be compared with those which have a solid 
web connecting the top and bottom flanches. We shall however 
examine the subject more at large, when we come to treat of Lattice 
Bridges, in the section which has been added to this edition of the 
work. 

For the present we will only add another example of a lattice 
girder, probably much superior in the distribution of the material to 
both those we have ahready given. Fig. 52 is a half-elevation and 
cross section of the girder which is employed in a bridge on the 
Ulverstone and Lancaster Railway. It will be observed that the top 
and bottom flanches are more closely connected together, and more 
nearly approximate to the condition of a uniform web like that of 
the plate beam. 

The top flanch consists of a plate 12 inches by ^ inch, riveted to 
two angle irons 3 x 3^ x ^. 

The bottom flanch is similar, except that the flanch is only 9 inches 
broad. At every 3 feet in length, vertical T-irons a a a are placed^ 
each being 4 x 3 x i; between the ends of these, cross diagonal bars 
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of plate iron did, 4i inches wide and ^ inch thick, firmly connect the 
top and bottom flanches together. 




..p.^ 1 






The following results were obtained in an experimental trial of the 
girder. 



STRENGTH, STC. OF WROVOHT-IRON BEAMS. 
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Wei{^t on girder in i 


tons. 






Deflection in inches. 


4 000 
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0-50 
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The girder was not injured with this weight. It will be observed 
that the deflections are less in this case than in the last, and indicate 
a stronger girder. Taking the formula for plate beams, we have 

10-6 X 30 X 60 



W = 



360 



= 52*5 tons, the centre breaking load. 



And it will be observed that it was tested to within two-fifths of this 
breaking load; but it is to be regretted that it was not actually 
broken, in order that the true constant might have been ascertained. 



PART III. 

ON THE CONSTEUCTION OF FIRE-PEOOP WAEBHOUSES. 

The following report was drawn up, in 1844, at the request of 
Samuel Holme, Esq., of Liverpool, in order to confirm the opinion 
of that gentleman as to the expediency of erecting all the new ware- 
houses in Liverpool with fire-proof materials. Believing the views 
contained in this report to be useful and instructive, it is here 
reprinted for the information of the general reader ; — 

The serious nature of the late fires at Liverpool, Manchester, and 
other large towns, has induced an inquiry into the causes of these 
disasters, with a view to avert their progress, and to adopt measures 
for the better security of property, and the prevention of a calamity 
so injurious to public as well as individual interest. In no other 
description of building have the effects of fire been so severely felt, 
nor have the provisions necessary for its suppression been so disre- 
garded, as in warehouses used for the stowage of commercial produce 
in maritime towns. 

In the manufacturing districts the same apathy has not prevafled, 
for in most places fire-proof buildings have been introduced; and 
considering their complete success, it is surprising that the same 
system has not been adopted in the construction of warehouses and 
other buildings appropriated for the reception of merchandise. 

When we consider the extent and immense value of property 
contained in these edifices, it can scarcely be conceived that such 
a state of things should exist; and, more particularly, amongst a 
body of men the most active and intelligent in Europe. Such, 
however, is the case, and we have only to enumerate a few examples 
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to show that a disregard of consequences, or a culpable ignorance of 
existing improvements, has pervaded the mercantile community for a 
number of years. This should not be, as the best description of 
buildings in which the manufactures of cotton, flax, silk, and wool 
are carried on, are, with few exceptions, almost entirely fire-proof; 
and upwards of thirty years have elapsed since iron beams, iron 
columns, and brick arches, were first introduced in the construction 
of factories, as a security against fire. These facts ought not to have 
escaped the observation of the British merchant ; and yet, in the face 
of so many examples, vdth one single exception,* it is only within the 
last few months that a non-combustible material has been used in the 
construction of the immense magazines of Liverpool. In other parts 
of the empire the same laxity of apphcation exists ; but the effort so 
happily made at the port of Liverpool wiU, it is hoped, extend itself 
to the metropolis and all the large sea-ports in the kingdom. For 
these objects, and for the guidance of those who may feel disposed 
to adopt measures for saving a large rate of insurance, and for the 
further protection of their property, I would respectfully submit the 
following observations for consideration : — 

In the ages of antiquity we have only a few examples of fire-proof 
structures; and provided we except the monuments of the early 
Egyptians, and some of the public edifices of the Greeks and Romans, 
there are but few instances of buildings so erected as to afford any 
security against the ravages of fire. During the middle ages some 
of the Gothic churches and cathedrals were constructed almost 
entirely of stone ;t and, with these exceptions, there appears no 
evidence of an existing knowledge as to the benefits arising from 
the use of an entirely fire-proof structure. Probably, the want of 
cast-iron, and the consequent ignorance of its use, was an insur- 
mountable barrier to the development of the fire-proof system ; ^ 
but in the present age these diflficulties do not exist ; and to neglect 
the means thus so liberally supplied for the protection of life and 



• Messrs. Jevons constructed a fireproof warehouse at the New Quay, Man- 
Chester, ten years ago. 
t The cathedral of Milan is constructed entirely of marble and glass. 

k2 
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property, would augur a want of discernment incompatible with the 
spirit and enterprise of the age. Latterly, the extension of commerce, 
and the great value of property which is daily consigned to the keep- 
ing of individuals and companies, have produced a diflferent feeling ; 
and, viewing the present engagements of merchants, with the amount 
of transfer from one hand to another, it is no longer matter of surprise 
that measures calculated for the better security of property should be 
imperatively called for, and that in every instance where it is exposed 
to risk. 

The general character of warehouses has for ages been the same, 
the roofs and floors invariably being constructed of timber, with strong 
girders and wooden props ; and these have, in most cases, been so 
injudiciously placed, as to cause considerable injury to the structure 
on every occasion when great weights have had to be supported. 
On referring to the greater number of these erections, it will be found 
that the props which support the floors have their ends placed 
immediately under the main beams; and these being successively 
supported upon each other, with the main beams intervening, the 
result is, that the fibres are thus completely crushed, particularly in 
the lower floors, by the superincumbent weight, and in many cases 
the beams are almost splintered, from the immense pressure to which 
they are subjected. Even in this imperfect construction the neces- 
sary precaution of wooden caps has not in all cases been adopted ; 
and until the introduction of iron columns, with heads and bases 
covering a large surface of the beam, the timbers were in many 
instances seriously injured. The use of iron columns, although an 
improvement upon the old system of building, is nevertheless no 
security against fire; and it is obvious that no guarantee can be 
given so long as the structure is chiefly composed of timber, and the 
openings imperfectly closed by wooden doors and shutters. 

From this it is evident, that in order to give perfect* security, 
warehouses should be constructed upon different principles, and these 
may be enumerated as follows, viz. : 

1. The whole of the building to be composed of non-combustible 
materials, such as iron, stone, or brick. 

2. In order to prevent fire, whether arising from accident or spon- 
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taneous combustion, every opening or crevice communicating with 
the external atmosphere to be closed. 

3. An isolated stone or iron staircase (well protected on every side 
by brick or stone walls) to be attached to every storey ; and the stair- 
case to be furnished with a line of water-pipes, communicating with 
the mains in the streets, and ascending to the top of the building. 

4. In a range of stores, the different warehouses to be divided by 
strong partition- walls, in no case less than 18 inches thick, and no 
more openings to be made than are absolutely necessary for the 
admission of goods and Ught* 

5. That the iron columns, beams, and brick arches be of strength 
suflScient not only to support a continuous dead pressure, but to 
resist the force of impact to which they are subject by the falling 
of heavy goods upon the floors. 

Lastly, That in order to prevent accident from intense heat 
melting the columns, in the event of fire in any of the rooms, a 
current of cold air be introduced into the hollow of the columns from 
an arched tunnel under the floors. 

Adopting the foregoing divisions of the subject, it will be requisite 
to consider them separately. First, The whole of the building 
should be composed of non-combustible material, such as iron, stone, 
or brick. 

In the choice of material, much will depend upon locality, and the 
cheapness at which it can be obtained. In this country the best 
fire-proof buildings are generally composed of brick or stone, with 
iron beams and columns, properly framed and held together by rods 
built into the walls, and brick arches for the floors : which arches are 
supported by, and spring from, the lower flanches of each beam, and 
are thus extended in succession on each floor from one end of the 
building to the other. These arches may be formed either in a lon- 
gitudinal direction in the line of the building, or transversely, as 
circumstances may admit. The floors are generally laid with stone- 
fiags or tiles upon the arches, after they are properly levelled, and 
filled up at the haunches with a concrete of lime, sand, and ashes. 
The flags or tUes, being well and solidly bedded in mortar, form 
a durable and excellent floor. In buildings for particular objects, 
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it is sometimes necessary to have wooden floors ; and where found 
necessary, the boards are generally nailed, in the usual way, to 
sleepers imbedded in the lime-concrete, as before described, or, what 
is probably better, a pavement of wooden blocks is employed. This 
description of building, when properly constructed and surmounted 
by an iron roof, is perfectly impervious to the action of fire ; and pro- 
vided due regard be paid to the selection of a careful superintendent, 
both owners and occupants may rest satisfied as to the safety of the 
property. 

Secondly, In order to prevent fire, whether arising from accident 
or spontaneous combustion, every opening or crevice communicating 
with the external atmosphere should be closed. 

These are points which should never be neglected in fire-proof 
buildings. In warehouses, in particular, they are of vital importance ; 
because in rooms or floors where combustible material is stored, 
nothing tends so much to the security of the building and its 
contents as a power to shut out and prevent the admission of air. 
For this purpose, an iron or stone staircase, surrounded by brick or 
stone walls, and communicating with the different floors by iron 
doors, should always be attached. This staircase should be easy of 
approach from without, with a covered opening at the top, and 
windows at each landing, in order to eflfect free ventilation, and a 
ready communication with every part of the building. Warehouses 
constructed upon this principle wiU effect almost perfect security; 
and, in the event of fixe, will enable persons not only to approach 
the locality, but, in case of the casual admission of atmospheric air, 
the room might be shut up, and the flames smothered, till an 
effectual remedy was at hand. For these objects, I would strongly 
recommend the iron doors, frames, and shutters, as constructed and 
used by Messrs. Samuel and James Holme, of Liverpool, to be fixed 
in every room. These doors are made of double sheet-iron plates 
riveted to a skeleton frame, with a stratum of air between, which, 
acting as a non-conductor, is admirably adapted to the purpose for 
which they are intended. 

Thirdly, An isolated stone or iron staircase, well protected on 
every side by brick or stone walls, to be attached to every storey; and 
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the staircase to be furnished with a line of water-pipes, commu- 
nicating with the main in the street, and ascending to the top of the 
building. 

Under the second division we have aheady treated of the staircase 
and the necessity which exists for having it perfectly distinct jfrom 
other parts of the building : exclusive of this separation, it will be 
found still more secure by having a copious supply of water always 
at command. That supply should not only exist in the street-main, 
but should communicate with every landing by a brass cock and 
hose, till it terminates in a cistern, with a valve, on the top of the 
roof. This cistern should be of such capacity as would insure a 
sufficient supply of water in case of accident to the pipes in the 
street. The pipes, leather hose, and the requisite discharge cocks, 
screwkeys, &c. should be kept in good repair, and the hose and 
screwkeys hung up at every landing, ready for use. These pre- 
cautions will give additional security to parties bonding goods, as 
also to the owner of the property in which they are deposited. In 
addition to the above, it will be advisable that all the cocks, hose 
and screwkeys be made of one size, and the same as those used by 
the fire-brigade of the town. 

Before closing this part of the subject, I would observe, that an 
exceedingly simple and ingenious apparatus for extinguishing fire has 
been adopted by Joseph Jones, Esq., of Wallshaw, near Oldham. 
It consists of a thin copper globe of nine inches diameter, perforated 
full of small holes, and suspended from the ceiling of the different 
rooms, eith^ in a mill or a warehouse. Each rose is (in case of 
need) supplied with water by lines of pipes communicating with the 
mains in the street. In this form, Mr. Jones is not only in a 
position to discharge a flood of water into each separate room, but 
from the peculiar shape of the rose, he is enabled, with a pressure of 
200 feet acting upon the apertures, to disperse it to a distance of 
upwards of 40 feet in every direction. This is a certain and 
effectual method for extinguishing fire, and might easily be adopted 
in almost any important structure in large towns, where a supply of 
water and the necessary pressure can be obtained. Another impor- 
tant feature of this application is the facility and rapidity with which 
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fires can be extinguished. The cocks are all on the outside of the 
building ; and being carefully locked up and marked with numbers 
corresponding with the different rooms, there is less risk of delay and 
confusion when an accident occurs. 

Fourthly, In a range of stores, the different warehouses should be 
divided by strong partition-walls, and no more openings to be made 
than are absolutely necessary for the admission of goods and Ught. 

These precautions become more apparent in every case where large 
piles of buildings are erected contiguous to each other, and where 
risk from fire is incurred in the communication of one part of the 
building with another. The Metropolitan Building Act has provided 
against accidents of this kind by the insertion of a clause wherein 
these precautions are insisted upon ; and by the introduction of par- 
tition-walls which divide the houses, the utmost security is afforded 
to that description of property. In contiguous buildings these par- 
titions have their full value; and it not unfirequently occurs that 
the property on each side has been saved from conflagration when a 
centre building has been completely destroyed: hence the necessity for 
complete separation in every case where the buildings are contiguous. 

In the construction of warehouses these precautions are the more 
important, from the increased value of the property therein deposited, 
and the greater risk to which, in some particular cases, they are 
subject. All warehouses should therefore be carefully separated from 
each other : and in forming the partition-walls, it might be a great 
improvement to have an open space of two inches up the middle, 
with proper binders, for the purpose of ventilation ; as air, being a 
non-conductor, would, in case of fire, prevent the walls from being 
overheated, and afford a free communication with the atmosphere by 
the ascending current of air. They should also be built to some 
height above the roof, in order to prevent the possibihly of com- 
munication with the adjoining storeys, and to effect a complete 
separation of the different compartments into which they are 
divided.* To render the different flats or rooms of warehouses 

* The Liverpool Building Act has now rendered it compulsory that parapet 
walls should be built up five feet above the gutters. 
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secure, it is a desideratum to have as few openings in them as pos- 
sible. This is the plan adopted in the warehouses of Mr. Brancker, 
Dublin Street, Liverpool; and they appear to be not only well 
calculated for the admission and transmission of goods on each side, 
but having no more windows than are absolutely necessary for the 
admission of sufficient light to effect the deposition and removal of 
merchandise, they are exceedingly well adapted for the double purpose 
of convenience and security. In every situation the iron doors and 
iron window-shutters already described should be used. It will be 
observed, that the iron doors and shutters will afford no security 
unless they be closed and fastened every night before the warehouse 
is shut up. 

Fifthly, That the iron columns, beams, and brick arches should be 
of strength sufficient not only to support a continuous dead pressure, 
but to resist the force of impact to which they may be subject by the 
falling of heavy goods upon the floors. 

This is one of the most important considerations connected with 
the security and construction of warehouses ; and in order to remove 
every doubt as to the stabihty of such a structure, I must refer to my 
highly talented and respected friend, Mr. Hodgkinson, one of the first 
authorities in this or any other country on the strength of materials. 
To that gentleman the public are indebted for a series of theoretical 
and practical experiments on the strength of beams and pillars, of 
the utmost value to architects, builders, and engineers. Any person 
choosing to make himself acquainted with the principles of Mr. 
Hodgkinson's experiments, and the results deduced therefrom, will 
find no difficulty in constructing beams and columns of the strongest 
form, and at the same time insuring the proportional and requisite 
strength, accompanied with a great saving in material in all parts of 
the structure. 

On this part of the subject it will be necessary to observe, first, on 
the structure of beams, that until the publication of Mr. Hodg« 
kinson's experiments, practical men were almost entirely without rule 
or any satisfactory theory on which to found their calculations on the 
form and distribution of the material. Now the subject is well 
understood, not only as regards the strength which is wanted, but 
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also the best and strongest form for resisting the diflFerent strains to 
which they are subjected. In warehouses containing goods these 
strains are more varied than in factories. In the former, the floors 
are often loaded, to a great extent, with solid, dense material, at other 
times with light bales ; and the lower floors are frequently piled with 
casks containing mineral substances, which produce not only a great 
amount of dead pressure upon the beams, but incur the risk of some 
of the heavier weights falhng from some height upon the floor, and 
thus endangering the security of the structure by the fracture of the 
beam. These accidents are probably not frequent, but they should 
be guarded against ; and the beams, arches, and columns should not 
only be calculated to resist the greatest load when operated upon by 
a dead weight, but the effects of impact produced by a body falling 
through a given space upon the floor. These calculations should 
apply to the first two floors of every warehouse, as the heavier 
descriptions of goods are almost invariably deposited in the lower 
storeys. 

Mr. Hodgkinson, in searching experimentally for the strongest 
section, found that the old practice of making beams with equal 
ribs — such as recommended by former writers — ^was exceedingly 
defective; he proved a proportional between the top and bottom 
flanches ; and the strain being less towards the ends of the flanches, 
it was reduced to the parabolic form, in order to give equal strengths 
throughout the whole length of the beams. This was an important 
discovery ; and as warehouse and factory beams are intended to be 
equally strong in every part, and to sustain the load uniformly 
distributed, it is necessary to adopt the parabola in the form of the 
ribs, and to mark their relative properties with the body of the 
beams and with each other. 

In discussing these proportions, Mr. Hodgkinson demonstrates the 
curvature of the ribs as follows : — Suppose the bottom ribs to be 
formed of two equal parabolas, the vertex of one of them, ACB, 
being at C, 
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then, by the nature of the curve, any ordinate^ dc, is as Ac x Be ; the 
strength of the bottom rib, therefore, and consequently that of the 
beam at that place, will be as this rectangle. It is shown, too, by 
writers on the strength of materials, that the rectangle kc x Be is the 
proportion of strength which a beam ought to have to bear equally 
the same weight every where, or a weight laid uniformly over it. 
From this it would appear that the forms laid down by Mr. Hodg- 
kinson were rightly devised, and a great saving, of not less than 
three-tenths, was effected in the quantity of material used. 

Having pointed out the strongest form of beams, as applied to 
fire-proof buildings, it will be necessary in this place to refer to their 
strength, and to inquire into the nature of the strains to which they 
are subject. It has abready been stated, that iron beams in ware- 
houses have two distinct forces to conteYid against, that of direct 
pressure and that of impact ; with the former there is no difficulty, 
but the latter involves a proposition on which mathematicians are not 
agreed. For practical purposes we may, however, suppose a case, 
such as a large cask of molasses, or box of heavy mineral substance, 
equal to one ton = 2240 lbs., falling from a height of six feet upon 
the floor. Now, according to the laws of gravity, a body falling 
from a state of rest acquires an increase of velocity, in a second of 
time, equal to 324 feet, and during that period falls through a space 
of 16-iV feet: this accelerated velocity is as the square roots of the 
distances ; and a falling body having acquired a velocity of 805 feet 
in the first foot of its descent, and 6 feet being the height from which 
a weight of one ton is supposed to fall, we have \/6 x 8*05 = 2*449 
X 8'05 = 19-714 for the velocity in a descent of 6 feet. Then, 
19*714 X 2240 = 44,159 lbs., or nearly 20 tons, as the momentum 
with which the body impinges on the floor. In the present state of 
our knowledge, this momentum may probably be taken as the mea- 
sure of the force of impact, but it is to be remembered that the 
resistance of a beam to impact is very different from its resistance to 
transverse pressure.* Having these forces Jto resist, it will be 



* Since the above was written, the Commissioners on Bailway Structures 
haye made an experimental inquiry into this subject, and as the results bear 
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necessary to guard against them, and to make the beams, columns, 
and arches in the lower floors of such strength as will resist the blow, 
and neutralise its effect upon the floor. 

Although the iron beams and arches of a fire-proof floor may 
be suflSciently elastic to resist an impinging force, such as above 

immediatelj upon the point in question, it will be instructiye to give a brief 
abstract of them here. The object of the experiments was to ascertain the effect 
of additional loads spread uniformly over the beams in increasing their power of 
bearing impacts from the same ball falling through different heights. The 
beams were of Blaenavon iron, No. 2, cast to be 14 ft. 6 in. long, and 3 in. square. 

Mean weight of beam 410-7 lbs. 

Mean weight of beam between supports . 3820 lbs. nearly* 

Distance between supports 13 feet 6 inches. 

Weight of ball 308 lbs. 



No. of 
Experi- 
ment 


Additional load on beams in lbs. 


Height of 
fall neces- 
sary to 
break the 
beam. 


Velocity of 
impact 

answering 
to that 
height. 


Momen- 
tum or 
Wr. 


RSHABKa. 






Inches. 








1 


None 


28i 


12-858 


3744 


The set ttom the impacts 


2 

8 


Lead, i lbs. weight in centre 
28 lb& in centre, no lead . . 


S3 
42 


18-301 
16005 


4030 
4546 


on the loaded beams was 
very greats but it did not 
appear to injure their 


4 


166 lbs. spread oyer, + i lbs. 
lead in centre . • • . . 


48 


16-042 


4860 


strength mora than in 
ordinary cases. 


M 


889| lbs. spread oyer beam, 
i lbs. lead in centre . . 


1 ^^ 


16-042 


4860 




6 


389 lbs. spread over, no lead 


48 


16-042 


4860 




7 


391-2 lbs. spread over, 1 lbs. 
lead in centre .... 


1 66 


18-810 


5699 




8 1 


956J lbs. spread over, 4 lbs. 
lead in centre .... 


1 €0 


17-936 


5434 





From the above it will be seen that the power of resisting impact increases 
with the permanent load upon the beam ; the greater the weight at rest upon 
the beam, the greater must be the momentum of a striking body in order to 
break it. This ia satisfactoiy, as it diminishes the risk from falling weights in 
warehouses; the more nearly the weight upon the floors approaches the point at 
which danger begins, the greater is their power of resisting sudden impacts. 
Further, the deadening influence of the small piece of lead in experiment 2 is 
strictly analogous to that of the wooden flooring of buildings. 

To compare the above numbers with the power of resistance to transverse 
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described, it is still advisable to adopt other precautions, such as 
the bedding of timber along the top of the arches,* or to form the 
two lower floors entirely of wooden boards (three-inch plank) securely 
nailed to sleepers imbedded in concrete. This plan would give 
additional security, by the transmission of the impinging force over 
a larger surface; and, under these circumstances, the concussion 
would be made in the first instance on a soft elastic substance, before 
it could act upon the more rigid materials of iron beams and brick 
arches. 

In order, however, to remove aU doubts as to security, it will be 
advisable to have stronger iron beams and colunms in the two lower 
floors : and having computed these strengths, they will probably be 
found nearly correct in the ratio of 12 to 9. If on this data we take 

stnun, we may select firom the reports of the commissioners the following table 
of results on precisely similar bars. 

Tfxuuverse Breaking Weight of Bare ofBlamawm Iron, No, 2, 13 ft, 6 in, between 
euppcrU : results reduced to those on bars exactly 3 in, square. 



No. oi 
Experiment. 


Weight of bar 

between supports 

(unreduced). 


Centre 
breakingwdght 


Ultimate 

deflection in 

Inches. 


1 
2 


880-08 
378-9 


2698 
2671 


4-863 
4-891 


Mean. . 


379-49 


2685 


4-627 



Companng the mean results of these two experiments with the power of 
resisting impact by a similar bar, not loaded, as evidenced by the first experi- 
ment in the previous table, we find that the transverse is to the impactive 
strength as 2685 : 3744, or as 1 : 1*39. Similarly when the bar subjected to 
impact is loaded with 28 lbs. in the centre, the transverse is to the impactive 
strength as 2685 : 4546, or as 1 : 1-69 ; and when 391 lbs. is spread uniformly 
over the bar, the transverse is to the impactive strength as 2685 : 5699, or 
as 1 : 2- 12. 

* Since the above was written, I have been informed that the Act of Parlia- 
ment for the regulation of fire-proof buildings does not admit of any timber 
whatever. In such case, I would advise the beams so to be made one-half 
stronger. 
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the breaking weight of a beam, as suitable to the upper storeys of a 
warehouse, at 22 tons, those of the lower storeys would require to be 
29'32, or nearly 30 tons; arid the columns, although less liable to 
fracture, will nevertheless be greatly improved by the introduction of 
a proportionate thickness of metal. 

Having, to the best of our ability, established the fact of perfect 
security in the use of iron beams and arches, the next point of inquiry 
will be as to the strength and proportion of the columns. But before 
treating of this part of the subject, it may be proper to advert to the 
tie-rods, which are built into the walls and arches, and should unite 
the walls and girders as a species of net- work. These tie-rods are of 
great value, as they resist the strain of the arches, which, acting 
through their line of tension, not only secure the w^alls from being 
thrust out, but also retain the beams in the position best adapted to 
sustain the load. The usual practice in these districts is to have five 
lines of f -square rods in a width of 30 feet ; two lines are imbedded 
in the wall, and the remaining three built into the arches : this is 
considered a perfectly secure building. But it must be borne in* 
mind that cotton-mills are not subjected to heavy loads ; and instead 
of five tie-rods of f -inch square, a warehouse should have seven lines 
of rods, each 1:^ inch square. This will give a sectional area of about 
11 inches in 30 feet, which, taken at 25 tons to the square inch, will 
give a resisting tensile force of 275 tons. In factories, the resisting 
powers of the tie-rods seldom exceed 100 to 110 tons, which is under 
4 tons to the foot, whereas the resisting forces in warehouses should 
not be less than firom 9 to 10 tons to the foot. 

In the construction of fire-proof buildings, it is not only necessary 
to secure the ends of the beams by tension-rods imbedded in the 
walls, but the arch-plates or " skew-backs " at each end should also 
be built into the wall; and this plate, as well as the ends of the 
beams, slightly raised above the level of the column, in order to allow 
for the settling of the walls, which invariably takes place as the 
weight increases in their ascent. For the strongest form and best 
position of columns supporting heavy weights, we must again refer to 
Mr. Hodgkinson, as the very first authority. In his valuable treatise 
on the strength of pillars of cast iron and other materials^ pubhshed 
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in the Philosophical Transactions, Part II., for 1840, and for which 
he received the gold medal of the Royal Society, will be found some 
of the most interesting and most useful experiments yet given to the 
public. 

Prom these researches it will be necessary to make some extracts, 
in order to accertain the laws connecting the strength of cast-iron 
pillars with their dimensions, and to determine the best and strongest 
form adapted to the support of heavy weights. The first experiments 
were made upon solid uniform pillars, mostly cylindrical, with their 
ends rounded, in order that the force might pass through the axis ; 
the next were of the same dimensions, with flat ends at right angles ; 
and others, again, with one end rounded, and the other flat to the 
axis. They were broken at various lengths, from five feet to one inch 
(some with discs turned flat), and form a series of most interesting 
results. The pillars with discs give a smaU increase of strength 
above those with flat ends ; but the approach to equality between 
the strength of pillars with discs, and those of the same diameter 
and half the length, wdth ends rounded, was nearly alike. The 
conclusion, as Mr. Hodgkinson observes, is, therefore, " that a long 
uniform cast-iron pillar, with its ends firmly fixed (whether by means 
of discs or otherwise), has the same power to resist breaking as a 
pillar of the same diameter and half the length, with the ends 
rounded or turned, so that the force would pass through the axis." 

Mr. Hodgkinson, in the first experiment, gives the strength of 
cast-iron pillars with both their ends rounded and both flat; sub- 
sequently he experimented upon those with one end rounded and 
the other flat, and in some cases with discs ; and their results being 
placed between those from the pillars with round and flat ends, gave 
the strength in a constant ratio, as under : — 



PUIan. 


Breaking wciglit in Ibg. 


Both ends rounded .... 
One end rounded and one flat 
Both ends flat 


143 
256 

487 


3,017 
6,278 
9,007 
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These pillars, in each vertical column in this abstract, are of the 
same length and diameter ; the strengths, therefore, in three different 
cases, reading downwards, are as 1, 2, 3, nearly, the middle term 
being an arithmetical mean between the other two terms. 

Mr. Hodgkinson, therefore, found, by other experiments upon 
timber, wrought iron, steel, &c., that those, as well as every other 
sort and description of material, followed (as regards their strengths) 
the same laws ; and that the strength of a pillar with one end round 
and the other flat is always an arithmetical mean between the 
strength of pillars of the same dimensions with both ends rounded 
and both flat. 

These are facts which should on no account be mistaken in the 
construction of fire-proof buildings ; and it wiU be well to impress 
forcibly upon the public mind, that the principle is the same, however 
much they may vary in their ratio of strength. 

In treating of the strength of columns, I have endeavoured to 
establish principles which are not generally known, but which are 
proved to be fixed and determined laws, affecting the increase or 
diminution of strength, according as the ends are made round or flat. 
In order, therefore, to avoid error in the construction of buildings, 
adapted for the support of heavy weights, it will be of some value to 
know, that the strength of piQars can be increased, according as their 
ends are shaped, in the numerical ratio of 1, 2, 3. 

Having investigated the subject at some length, it may be neces- 
sary, before closing the report, to advert to a circumstance which 
appears to excite alarm, and increase the fears of individuals, respect- 
ing the safety of iron beams and brick arches as a perfectly fire-proof 
structure. It has been alleged, that in case of fire in any of the 
lower rooms in a warehouse, the intense heat generated by rapid 
combustion might melt the iron columns, and bring the whole edifice 
to the ground.* This is a possible, but a very improbable case, as 

* There is only one instance which has come to my knowledge of a fire-proof 
building being injured by the melting of the columns, and that was at the works 
of Messrs. Sharp, Eoberts, and Co., Manchester, where the pillars were fixed 
between the boilers of a steam-engine ; and having a large quantity of wood 
piled round them on the top of the boiler, for the purpose of drying, the heat 
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an event of this kind could never happen, provided the precautions 
enforced and inculcated in this inquiry be duly and properly observed. 
It is true, that negligence of construction on the one hand, and want 
of care in the management on the other, might entail risk and loss to 
an enormous extent ; but it is no argument to say, that a warehouse 
built like a funnel, and provided with all the elements of conflagration, 
is attended with risk, when it is well known that a perfectly secure 
and perfectly sound fire-proof building can be erected, free from all 
the perils above enumerated. In my own mind, there is not the 
shadow of a doubt as to the security of such a structure ; and I do 
not hesitate to assert, that a well-^)uilt and properly-arranged fire- 
proof warehouse can not only be constructed, but may be made to 
entail upon the commercial and manufacturing communities of this 
country an important and lasting benefit. 



PoR some time after the date of the foregoing report (1844), we 
had little or no knowledge of the superior resisting .powers of 
wrought iron in the shape of beams. Since then, important 
changes have been effected, and new elements of construction 
have come into operation. It is true that wrought iron had been 
used for various purposes, and even beams of that material had 
been made on a small scale; but, excepting in ships, it was 
appUed to a very limited extent. Its elasticity, ductility, and powers 
of retention were almost entirely unknown, until the subject was 
investigated on a large scale, with a view to devise means for 
carrying the Chester and Holyhead Railway across the Conway 
and Menai Straits. Our knowledge of the properties of wrought- 
iron beams and girders may be considered as stiU very imperfect, 
and confined within an exceedingly narrow compass. The discovery 

became bo intense as to cause them to bend, and ultimately to break. In this 
case the front of the boiler-house was open, with a thorough draft direct across 
the building, which generated a most intense heat, and caused the whole room to 
act as a reverberating furnace. Viewing the subject in this Jight, it cannot be 
considered analogous to a warehouse efficiently secured against the admission of 
atmospheric air. 
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and development of new principles in the application of wrought-iron 
beams, as deduced from these experiments, has rendered some of the 
instructions given in the report almost nugatory ; but sufficient still 
remains to render the observations useful to the professional prac- 
titioner and the general reader. Architects and builders may safely 
refer to it for general information in every description of fire-proof 
buildings, whether constructed with wrought or cast-iron beams. 

It will not be necessary further to enlarge upon the subject, but 
simply to direct attention to the following details, which may be 
entitled to consideration in the application of wrought-iron beams 
for the support of the floors of buildings. In another place I have 
given the necessary information as regards construction, strength 
and other properties of iron, as a material for building ; and I must 
now direct attention to the erection, and to the principle upon which 
I consider that these adjuncts should be attached and securely united 
to the structure. 

In every building, whether intended for a factory which contains 
machinery, a magazine, a warehouse for sustaining heavy weights, or 
for a public edifice, one important consideration presents itself, — 
namely, a direct combination of all the parts, and a perfect union 
of the floors with the surroimding walls. In fact, in order to insure 
strength and security in every part, there should be a balance ; or, if 
I may use the expression, the structure should be in equilibrium as 
regards its powers of resistance to the respective weights which its 
parts have to support, or the strains which they have to sustain ; or, 
in other words, the resistance of its various parts should be propor- 
tioned to the loads which they have respectively to bear. 

By keeping these objects in view, we should not only economise a 
great deal of useful material, but we should harmonise the parts, and 
insure more correct proportion, both as regards strength and sym- 
metrical eflfect. Nature works in this way ; and we may venture to 
affirm, that in the vegetable as well as in the animal creation every 
part is fitted and proportioned according to the office which it has 
to perform. In nature, taken as a whole or in part^ the greatest 
harmony in form and structure prevails, and the utmost exactitude 
in arrangement and distribution is everywhere apparenti in order to 
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obtaiii the greatest possible strength with the least expenditure of 
material. It is thus that the great Architect of nature works ; and 
we have only to study the conditions and forms of construction in 
the natural world, to arrive at the true principle for practice in 
the arts. 

The construction of fire-proof buildings is of two kinds : those 
entirely composed of iron, brick, or stone ; and those composed of 
iron beams and columns, with brick arches. The exterior walls may 
be formed of either material, as the conveniences of locahty or 
circumstances may admit; but the floors, with which the present 
inquiry is more directly concerned, will require a separate and a 
more detailed description. 

The floors of buildings, when formed of brick arches, require 
consideration in regard not only to the weight of the material, but 
also to the nature of the arches, and the lateral thrust which they 
exert upon the sides of the beams and the gable-walls upon which 
they abut. In mills for the manufacture of cotton, silk, flax, and 
wool, the span of the arches varies from 9 to 10, and sometimes to 
as much as 11 feet. These arches are generally composed of the 
segment of a circle, with a rise or versed sine in the top of about 
one-twelfth of the length of the chord. One-tenth, however, is safer 
in practice for mills, and one-eighth for warehouses where heavy 
goods are stored. These proportions will vary, however, according 
to circumstances, the nature of the strains, and the uses for which 
the building is intended. 

In factories the arches are composed of good hard brick, with the 
springers moulded for the purpose, as at a, a, a, a, fig. 53. 

The parts of the arch from the springers to d are of conmion 
bricks, 9 inches deep; the parts from d to c are of three-quarter 
bricks, or bricks 7 inches deep ; and the middle or crown of the arch 
is of bricks on edge, 4^ inches deep. All these bricks are moulded 
to suit the curve of the arch; but if not so moulded, they are 
generally wedged with thin slates and mortar between the joints on 
the top, in order to give them a solid bearing. After the arches are 
turned and properly secured, the haunches or spans next the beams 
are filled up and levelled with a concrete of lime and ashes, as shown 

l2 
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at dy d, d. Tliis, with a little plaster, gives a smooth surface to the 
floor, on which are embedded the large flags or tiles, as circumstances 




may require. The arches of warehouses are generally made stronger; 
they have a greater depth of brick, and a greater rise in the versed 
sine of the arch, in order tHat they may not only support greater 
weights, but resist the force of impact^ and those concussions to 
which they are subject, from the falling of heavy bales and packages 
when piled to a considerable height above the floor. The utmost 
care should, however, be observed in rendering these parts of the 
structure, as light as may be consistent with the required strength, 
more particularly when cast-iron beams are used, as every additional 
ton will increase the risk of failure in the event of any unforeseen 
defect in the castings.* 

In the designs for fire-proof buildings, other considerations are 
requisite besides those relating to the beams and arches, viz., the 
strength of the columns, base-plates, and stay-rods, for retaining the 
beams in line, and for preventing them from warping before the 
arches are turned. In every building of this kind it is important to 
have the tie-rods as low down as possible. In fact, the proper 
position would be along the bottom flanches, forming a series of 
chords or tie-bars to the respective arches. This cannot, however, 
be done without disfiguring the ceiUng, and giving to the structxure 

* la one of the most extensive mills in this country, that of Titus Salt, Esq., 
Bradford, hollow bricks have been used for the floors: these combine great 
lightness and securit j in every room of the factory. 



FIRE-PBOOF WAREHOUSES. 149 

an appearance of complication, as if it were held together by a series 
of rods. To avoid these distortions, the tie-bars are imbedded iu 
the arches ; and being firmly keyed at every beam, and also to the 
columns, they are effectually concealed from view, and are thus 
rendered nearly as efficacious as if they were extended along the 
bottom of the beams. . To give the floors additional strength and 
security, and to attain an effectual combination of the beams with 
the walls on each side, and also with the gables, a tie or bond rod of 
the same strength as those in the middle is imbedded longitudinally 
in the middle of the side-walls ; and this being securely fixed and 
keyed to the end of each beam, a complete framework is thus formed, 
which binds the whole into one mass, and gives greatly increased 
strength and security to the structure. The following plan of the 
iron tie-bars, &c., at one end of one of the most recently erected 
fire-proof cotton-mills, will give a correct idea of the connexions and 
attachments of the beams and columns binding each other, and of 
their combination with the walls of the building. 

In the following figure it will be observed that the tie-rods 1, 2, 8, 
4, &c., terminate at the last line of beams and columns, about 10 feet 
from the gable-end of the mill. The object of their termination at 
this point is to make room for the short longitudinal beams «, b, c, d, 
&c., which are placed with their ends resting on the gable-wall, and 
on the flanch of the cross-beams A, B, and C, which are made 
stronger for that purpose. These beams support arches at right 
angles to those across the mill ; and having their ends resting upon 
the last cross-beam and the gable-wall, as before described, they form 
a strong and powerful resisting abutment to the thrust of the trans- 
verse archer running from one end of the building to the other. 

The rods or, ^, (v, are cottered into the ends of each of the beams, 
and form a bond, when built into the walls, which ties the parts 
together, and unites the flooring-beams and the side-walls, as well as 
the gables, into one solid and compact mass. 

The principle of construction just described applies exclusively to 
cast-iron beams, which, although somewhat analogous to those con- 
structed of malleable iron, are nevertheless different in form and in 
the mode of attachment to the beams. In cast-iron the rods or bars 
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vary from three-fourths to seven-eighths of an inch square, and are 
fixed to the beams by a key or cotter, as shown in fig. 54. This 
connexion is probably the best, as the rods are not weakened by 




Pig. 54. 

cotter-holes, and are simply formed into single gibs, with shoulders 
pulling against the beam on each side, and a key between, as 
represented at a, b, fig. 56. The heads of the columns are fixed in 
the same way, the rods running right through 
an oblong hole, and keyed vertically or the re- 
verse of those through the sides and ends of the 
beams. Figs. 56 and 57 are correct representa- 
tions of this part of the structure; and also 
show the method usually adopted for supporting 
the ends of the beams on the collar of the 

column, the top or socket part of which is re- 
Fig. 65. 

moved, for the purpose of showing that portion 

in section. The ends of the beams in this arrangement, it will be 
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observed, embrace the column, and are held together by wrought- 
iion hoops, fitted on the projecting horns at Cy d, fig. 56. The 
iron tie-rods, e, /, pass through the columns, with an iron key 
between, in the vertical direction, similar to those shown through 
the beam at a, d, fig. 55. 
The columns and base-plates. will require a short notice respect- 




Fig. 56. 




Pig. 57. 



ing their form, and the way in which they are supported from one 
to the other on the separate floors. 

The aimexed drawing, fig. 58, exhibits the column, in connexion 
with the foundations and base-plate, as also the tie-rod and the 
lower end of the superincumbent column a, which fits into the 
socket prepared for its reception in the one below. This is shown 
in section at a, fig. 57 ; and the base-plate, which varies from 2 feet 
to 2 feet 6 inches square, according to the height and strength of 
the building, is hkewise shown in section, with the projecting cross 
of the base-plate, which fits into the hollow of the pillar at 6, fig. 58. 
The base of the lower column should in every case be considerably 
enlarged, and the ends faced in the lathe; the base-plate which 
receives it should also be faced. Tills is the more necessary, as it 
gives an even surface for the purpose of levelling the plate, and 
maintaining the vertical position of the column. The same operation 
is performed on the upper end of the socket, and on the bottom of 
each succeeding column. 

In mill-architecture, the columns seldom exceed 8 inches in dia- 
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meter, with a thickness of metal varying from If inches at the 
bottom to fths at the top, — ^the columns, under these circumstances, 

being of the same diameter from 
top to bottom. These are the 
dimensions for columns support- 
ing beams of 24 or 25 feet span. 
In other cases, where the span of 
the beams is not more than 18 
feet, the pillars are reduced to 6^ 
or 7 inches in diameter. 

Having treated this part of the 
subject more in detail than I at 
first intended, and having given 
a number of practical illustra- 
tions, deduced from a lengthened 
experience, I would now direct 
attention to a construction pre- 
cisely similar, with the exception, 
that wrought-iron beams are used 
instead of cast-iron ones, and 
thin iron plates instead of brick 
arches. For this latter construc- 
tion, the columns, base-plates, 
&c., are in every respect similar 
to those used for cast-iron, the 
only difference being the con- 
nexion of the ends of the beams 
with the column and the tie-rods, 
which, instead of being square, 
as used in the former case, are 
flat bars, riveted to the top 
flanch, as shown in the annexed 
sketch at dy b, fig. 59, which represents a plan of the beams, and 
their connexion with the columns, as at a, a, fig. 60, and e, e, fig. 61. 
The flat tie-bars, as shown at b, 3, fig. 59, are fixed by rivets, as 
already noticed, to the top flanch, and placed at the same distance 




Fig. 58. 
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apart as those already exhibited in fig. 54. Those in the walls, 
which form the bond-plates, are riveted to the ends of the beam in 
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Pig. 59. 



Pig. 60. 



the same manner, and thus form the connecting link between the 
ends of the beams and the piers on which they are supported. 




Fig. 61. 



In order still further to elucidate the advantages of this con- 
struction, let us suppose a fire-proof building, of any given length, 
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and 48 feet wide, having only one row of columns in the middle, and 
wrought«iron beams, 22 feet 6 inches long, extending from the centre 
columns to the walls on each side. Now, on this plan, if the beams 
were rolled according to the form given in fig. 37, p. 86, they would 
be equal to a breaking-weight of 13 tons in the middle, or 26 tons 
equally distributed over the surface of the beam. This would almost 
give sufficient security for the support of brick arches of the usual 
construction. But assuming wrought-iron plates one-fourth of an 
inch thick, 3 feet wide, and bent in the segmental form of an arch, 10 
feet wide, with ribs of T iron, as shown at d, d, e/, d, e/, figs. 62 and 




J^ig. 02, 



63, and in section, as represented in figs. 64 and 65 ; also at fig. 66, 

where one whole arch is shown, with the filling up of the haunches, 

flf, «,«, flf, &c., with concrete, to level 
the surface, preparatory for the recep- 
tion of the floors ; — this will be found 
a floor of exceedingly light construc- 
tion, perfectly fire-proof, and contain- 
ing all the elements of strength and 

rigidity which can possibly be attained by cast-iron beams and brick 

arches. 

The advantages peculiar to this construction are such as to entitle 

it to more than ordinary consideration ; and conceiving that the time 




Fig. 63. 
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is not far distant when wrought-iron beams and plates will form the 
principal supports of the floors of fire-proof buildings, I have deemed 





Fig. 64. 



Fig. 65. 



it worthy of the following illustrations, as represented in fig. 67, 
which exhibits a ground-plan of a part of one of the floors of a cotton 
or flax-mill, and the position of the transverse wrought-iron beams, 
columns, tie-rods, and arch-plates, as they are respectively shown at 
b, 6, d, and c, c, c, &c. The j&at bar tie-rods, which are built in the 
side-walls, and gable-end of the mill, are riveted, as before stated, to 
the ends of the transverse beams which rest on the side-walls ; and 
those along the gable are riveted to the ends of the rods, as shown at 
d, rf, d, &c. 

The connections and positions of the arch-plates are represented in 
plan at £g. 68, on a larger scale. It exhibits the method of uniting 
the plates by rivets to the T iron when looking down upon the floor, 
and also the tie-bars or rods which connect the whole of the trans- 
verse beams in each floor, from one extremity of the building to the 
other. In this case the tops of the beams are shown at e, e, the 
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joints of the plates and T iron at /,/,/, &c., and the tie-rods at 
9^ 9> 9^ 




It will not be necessary to extend these inquiries further. The 
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execution may be left to the skill and judgment of the builder. 
Every care and precaution should, however, be taken, in order to 
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have secure foundations; and during the building to elevate the 
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ends of the beams which rest upon the walls about half an inch in 
every floor, so as to allow for the settUng of the walls, which from 
the superincumbent weight, generally settle more than the fomida- 
tions of the columns. 




Fig. 68. 



Having given such description and detail as may be necessary for 
the guidance of the practical builder, I would, in conclusion, refer to 
the cotton-mill of Messrs. John Whittaker and Brothers, near Ashton- 
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under-Line, one of the most extensive structures of this kind, as 
illustrative of the arrangements and construction of th^se important 
edifices. The main building is 300 feet long, 60 feet wide inside, 
and 6 storeys high. It contains, including the weaving-shed and 
warehouse, 24,000 square yards of flooring, about 40,000 spindles, 
and 1,800 looms. It cards, spins, and weaves into cloth about 
54,000 yards, or 30 miles, of calico per day. In the transmissive 
machinery it gives motion to 92 or nearly 100 spur and bevil wheels, 
4800 feet of shafting, on which are fixed 1250 drums or pulleys for 
driving the different machines ; the whole of which weighs 460 tons. 
This great weight, exclusive of the preparatory and finishing 
machinery, is kept in motion at a velocity varying from 50 to 200 
revolutions per minute, by two engines of the nominal power of 300 
horses, but whose actual duty is equal to a force of upwards of 
800 horses, in operation for 10 hours per day throughout the 
year. Taking the year at 316 working days, this gives the enor- 
mous production of 17,064,000 yards, or 9480 miles of calico per 
annum. 

I have given these statistics merely to show the extent and im- 
portance of this description of manufacture, and the extraordinary 
enterprise with which it is conducted. The establishment just 
referred to is in the possession of one family, three brothers ; and 
besides this, they have another factory, which produces at the rate of 
36,000 yards per day, and gives, as the aggregate producing power 
of the firm, an amount equal to nearly 16,000 miles of calico per 
annum. 

Messrs. Whittaker's establishment is not the only one entitled to 
consideration on account of its powers of production ; many others 
might be enumerated, equally extensive, if not more so, as regards 
both machinery and the facilities of execution; but few, if any, 
embody the same admirable system of concentration, and the same 
conveniences under one roof, for carrying on an extensive and 
productive manufacture. That of Messrs. John Pielden and 
Brothers, Todmorden, or that of Messrs. Thomas Ashton and Sons, 
Hyde, and many others^ are immense establishments ; but I have 
selected that of Messrs. Whittaker as the most appropriate for 
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illustration, because it is the last mill, upon a large scale, which has 
been built in these districts, and embodies all the new improve- 
ments.* 

It will not be necessary to enlarge further upon this topic, which 
is in some degree foreign to the objects of this inquiry, referring as 
it does to the buildings, and not to the machinery with which they 
are furnished. Suffice it to observe, that the construction of fire- 
proof buildings is equally applicable to every description of manu- 
factory. I may safely state that the principle has been applied with 
considerable economy, and with indisputable success, to com, cotton, 
flax, silk, and woollen mills, including every description of buildings 
for the manufacture of textile fabrics. It is also of great value in 
public buildings, such as barracks, prisons, workhouses, hospitals, 
granaries, and every other description which requires permanency of 
construction and security from fire. In' private buildings, such as 
dwelling-houses, stables, outhouses, &c., it is equally efficacious ; and 
from the exceedingly low rate at which iron is now manufactured, 
and the improvements that may hereafter be introduced, I entertain 
hopes that the time is not far distant when most of the buildings of 
this country shall be as secure from the corrosive*effects of time as 
they will be from the ravages of fire. 

Having in this Treatise endeavoured to record the result of nearly 
thirty-five years' experience in these constructions, and having 
devoted much time, labour, and expense to the investigation of this 
important subject, I trust that the details which I have here given, as 
useful in my own practice, will be equally valuable to others for their 
guidance in constructions of such vast importance to the security 
of this description of property, either as. regards durability or 
that measure of strength which constitutes the elements of their 
application. 

It now only remains to direct attention to the mode of testing the 
bearing powers of cast-iron beams before they are used in building, 
and to give such directions as I have to offer on a subject which 



* The mills at Saltaire, near Bradford (see p. 165), have been erected since 
those of Messrs. Whittaker*8 were built. 
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requires not only attentive consideration, but which, as a general rule, 
is not always clearly understood. 

This is a subject on which there is considerable difference of 
opinion ; and as I do not agree with several persons as to the ex- 
tent to which beams should be proved, it will not I apprehend 
be thought irrelevant if I attempt to give my reasons for this 
dissent. 

If we take into consideration those laws which govern the resis* 
tance of bodies under strain, or those physical truths which it is 
desirable that we should narrowly examine and closely follow, we 
shall arrive at conclusions of some value in the construction of build* 
ings of this description. In pursuance of these laws, we must apply 
a principle calculated to test the powers, but not to injure the 
cohesive strength of the material imder strain. This will appear 
obvious, as in all bodies subjected to a transverse or any other 
description of strain, there is a strong tendency in matter to resist 
disturbing causes; and this inherent antagonism in bodies we call 
strength or resistance to powers — however small they may be — which 
tend to disruption. Now, it is quite evident, that whenever a force 
is applied either to tear, break, or crush a body, be it iron, wood, 
stone, or any other solid material, it immediately calls into action its 
cohesive powers of resistance to that force. All bodies appear to 
have (if I may use the expression) a dread of disruption; and 
vdthout inquiring into the laws which unite and bind their pai1;icles 
together, it is enough that we know the fact, and that we recognise 
in the varied powers by which this remarkable property — ^the force 
of cohesion — is maintained, a principle inherent in matter, and of 
which we are imperfectly acquainted, without knowing the cause, or 
in what manner these powers are prolonged, curtailed, or ultimately 
destroyed. These are parts of physical truth which should on no 
account be omitted in the education of professional men, as a more 
intimate acquaintance with these properties, or at least so far as they 
regard the use of material, and its varied application to the useful 
arts, would ensure greater safety to the public, and an increased 
variety of forms in symmetrical proportion. 

The philosophy of the cohesive powers of bodies is, however, a 
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perfectly distinct question. In this inquiry we deal exclusively with 
experimental facts ; and all that we require to know is the ultimate 
powers of resistance offered by bodies to four kinds of strain, viz. 
tension, torsion, crushing, and a transverse strain. These being 
known, we can shape our course in every practical appUcation with 
much greater certainty and effect than we could otherwise attain 
without this knowledge ; and having once determined the powers of 
the material used, and the direction of the force applied, we can then 
with perfect security, and with the utmost certainty, determine the 
quantities necessary to be employed, and the position in which it 
should be placed, to ensure a maximum effect. These are a few of 
the general and leading principles which, it appears to me, constitute 
the security and economy of all those important structures which at 
the present day form so essential an element in the convenience and 
comfort of society, 

A competent knowledge of a few leading principles which affect the 
strength of materials will enable us to determine the tests which it is 
requisite to employ in cast iron, in order to detect flaws and defects 
(if any exist) in the castings. It has already been observed, that 
cast iron should not be permanently loaded above one-third of the 
breaking weight. I believe that, in order to allow for contingencies 
such as concussions from heavy weights falling upon beams, &c., it is 
safer to leave a larger margin, and never to exceed one-fourth of the 
breaking weight as a permanent load. In beams this is probably a 
necessary precaution; and in testing their powers and soundness 
when used for buildings, it is desirable, first of all, to load one of the 
beams, noticing the deflections, with every increase of weight, till it 
breaks. This experiment is of great value, as it not only determines 
the comparative quality of the metal used, but exhibits its tenacity, 
elasticity, and other properties, which, in this age of experimental 
research, it is essential to determine. After the powers of the beam 
and the quality of the metal have been thus ascertained by the 
breakage of one or two beams, it will not be necessary to extend the 
proofs further than merely to lay on one-third the weight which 
broke the first beam, as a test for the remainder ; and in laying on 
this weight care must be taken to ascertain the deflection and loss of 
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elasticity or permanent set indicated by the state of the beam in 
comparison with that of the one broken, and the extent to which it is 
deflected by the weight and its removal respectively. All these 
changes should be recorded in a tabulated form in a book kept for 
the purpose. Such a book is a record of facts which is easily referred 
to, and from which the relative properties of each beam can at any 
time be determined. It might be desirable in some cases to test 
beams considerably above one-third of their breaking Weights ; but 
to these tests I have always had objections, as any severe strain is 
sure to disturb the molecular structure, and call into action a greater 
number of the component parts than is requisite in order to maintain 
the load. To this there is probably no serious objection, as the 
greater the number in action the less each will have to bear; but 
there is greater danger arising from unequal tension of the parts, 
which increased strain is apt to sever, whereby the ultimate strength 
of the beam may be seriously injured. I have known frequent 
injuries of this kind, which it is possible to detect by observing the 
deflections, and the consequent failure of the elastic powers, as 
evinced in the permanent set. 

As an evidence of injuries done to beams by excessive tests, let us 
suppose that we load a beam, supported as at A, B, in the diagram, 
fig. 69, to within one-twentieth of the weight of rupture, say 950, and 
that 50 more would break it. From this it is obvious that nearly 
the whole of the resisting powers of the beam on both sides of the 
neutral axis are brought into play, and are suffering under severe 
pressure at the very point of rupture. Supposing, again, that we 
remove the load, and ascertain, by actual measurement, the effects of 
the tests to which it has been subjected, we shall then find that it 
has not only received considerable injury in its elastic powers, but 
is actually in danger of fracture from a repetition of the same load. 
Now, what is the result of a less severe strain? The beam, 
when loaded to one-third of the weight that was placed upon it, was 
in possession of powers that restored itself to within a fraction of 
its original position; whereas, with the heavy load it is seriously 
crippled, and a few more changes, even with reduced weights, 
would, from the derangement which the molecules or particles had 

m2 
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sustained in the first instance, and the repeated alternations of 
removing and reloading, shortly destroy its powers of resistance, 
and cause fracture. It is for these reasons that I have always been 




opposed to severe proofs on cast-iron beams, or those of any other 
material; and I have no hesitation, in dealing with these useful 
constructions, in recommending a moderate test of about one-third, 
and that rather for the purpose of detecting flaws and imperfections 
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in the casting, than for determining the ultimate strength of the 
beam.* 

The resisting powers of beams (of whatever material they may be 
composed) are like the muscles of the animal frame when strained 
beyond their reasonable powers of resistance. They may for a time 
endure the load, and probably a few repetitions of it ; but the result 
generally is, either the rupture of the several parts, or the total 
suspension of those powers by which their elasticity and powers of 
restoration are maintained. It therefore follows, that every de- 
scription of material, when subjected to a transverse strain, should 
never be urged to greater endurance than may be required to 
straighten the fibres, or arrange the molecules of its crystalline 
structure. Any strain beyond that point is attended with risk; 
and in every case where the beam is subject to the alternate change 
of vibration, to dead weight, and the force of impact, it is safer not 
to allow the permanent load to exceed a fourth of the ultimate 
strength of the beam. 

In girders for railway bridges, the permanent load should never be 
more than a fifth; and, in most cases, even a sixth is preferable, owing 
to the great weight and high velocities with which trains pass over a 
continuous line of rail, involving equally severe tests of impactive 
force on every structure, whether beams or bridges, that have to 
support the immense weight of railway traffic, varying in speed from 
25 to 50 miles an hour. 



THE SALTAIEE MILLS. 



Having in the preceding chapters or sections of this work en* 
deavoured to place before the reader the results of the most recent 
investigations upon the difierent forms of beams which enter largely 
into the construction of mills, warehouses, and other buildings, I 



* The ultimate strength having been first ascertained bj breaking one or two 
of the beams. 
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may, with benefit to the professional practitioner, and as ilhistrating 
the preceding remarks, refer to an example where all these improve- 
ments have been brought into practical use. For this purpoae, I 
select for illustration the gigantic establishment at Saltaire, near Brad- 
fdrd, Yorkshire ; not more on account of its general complet^iess, 
than as a means of conveying to the mind of the general reader some 
idea of the vast energies, resources, and confidence which are brought 
to bear upon the development of manufetcturing industry by the more 
advanced and enlightened men who are engaged in the production oi 
textile fabrics* It is impossible to visit the neighbourhood of these 
busy hives, to survey the silent and uniform action of the great 
motive powers, to listen to the constant and confusing din of spindle 
and loom ; to be informed of the number of human beings employed 
under one roof, of the amount of their earnings, and the astounding 
total of their produce ; and to reflect further upon the enterprise and 
talent which must be in constant action, both abroad and nearer 
home, to keep this great whole supplied and at work, — ^without 
admiring the intellect which can guide such a work, and feeling 
thankful for that national security and prosperity which can justify 
the risk. ' 

The Saltaire Mills are the property of Titus Salt, Esq., and are 
situated in one of the most beautiful parts of the romantic and 
well-known vaUey of the Aire. The site has been selected with 
uncommon judgment, as regards its fitness for the economical 
working of a great manufacturing establishment. Bounded by 
highways and railways, which penetrate to the very centre of the 
buildings, the estate is intersected by both canal and river. 
Admirable water is obtained for the use of the steam-engines, 
and for the different processes of manufacture. By the distance 
of the mills from the smoky and clouded atmosphere of a great 
town, an unobstructed and good light is secured ; whilst, by both 
land and water, direct communication is gained for the importation 
of coal and all other raw produce on the one hand, and for the 
exportation and delivery of the manufactured goods on the other. 
Both porterage and cartage are entirely superseded ; and every other 
circumstance which could tend to economise production has been 
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carefoUy considered. The estate on which the town of Saltaire will 
gradually develope itself is veiy considerable in extent; and that 
part which is appropriated to the works, being literally covered 
with the buildings, is not less than six and a half acres. On this 
large sniCEU^e of ground the heavy operations of the manufacture are 
carried on ; but the superficies given to the several processes, and 
to the ston^ of goods, or, in other words, the floor-area of the 
establishment, is about twelve acres. 

The main range of buildings, or the mill proper, runs from east to 
west,* nearly parallel with the lines of railway running from Shipley 
to Skipton and Lancaster. This pile is six storeys high, 560 feet in 
length, 50 feet in width, and about 72 feet in height; and the 
architectural features, to avoid monotony in so large a dead surface, 
have been most skilfully treated by the architects, Messrs. Lockwood 
and Mawson, of Bradford. A bold Italian style has been adopted ; 
and the beautiful quality of the stone of which the whole is massively 
built, displays the features of the structure to great advantage. 
Immediately behind the centre of the main mill, and at right angles 
with it, runs another six-storey building, devoted to warehouse 
purposes, such as the reception and examination of the newly- 
manufSactured goods; and on either side of this, again, lie the 
combing-shed or apartment wherein the fibres of the alpaca, mohair^ 
wool, Ssc., are combed by machinery, the handsome range of 
buildings devoted to the reception of offices, and the great shed for 
weaving by power-looms. Of these features of the establishment it 
may be stated, that it was in the combing-shed that in September 
last 3500 of Mr. Salt's guests sat down to dinner, without confusion 
or overcrowding, and with perfect ventilation; and that the great 
loom-shed would have similarly acconmiodated, under its single roof, 
more than double that number. Arranged in convenient situations 
are washing-rooms, packing-rooms, drying-rooms, and mechanics' 
shops, which will be more clearly understood by a reference to 
Plate I., which is a ground-plan of the whole mill at Saltaire. In 
the formation of the new roads which were requisite to secure free 

* See plates I. and II. 
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and easy access to the different parts of the mills, Mr. Salt was again 
not behindhand, and availed himself of the most recent experience of 
scientific practice ; therefore we find bridges of the most solid and 
durable construction both in cast and wrought iron : one of these 
viaducts, on the tubular-girder system, crossing the canal and river 
Aire, being not less than 450 feet in length. 

With this brief recital of the general distinguishing characteristics 
of Mr. Salt's mill, I will now enter more into detail on those points 
of interest which bear more directly upon the subject of this 
work. 

1. Construction. The mill marked A, Plate L, has a cellar-storey 
10 feet high, extending on either side of the engine-houses to the 
extreme ends of the mill. The first storey is 16 feet firom floor to 
floor ; the next four storeys are each 14 feet high ; and the fifth or 
attic-storey measures 8 feet fi'om the floor to the tie-rod (Plate XL), 
and a further distance of 9 feet 6 inches from the tie-rod to the apex 
of the roof, making the total height of this attic-storey 17 feet 
6 inches. It must be further remarked, that this top storey, being 
above the levels required for the entrance-archway and the two 
engine-houses, extends firom end to end of the building, 550 feet; 
and is supposed to be the largest room in Europe, not excepting the 
Long Gallery of the Louvre at Paris. The whole of this building is 
fire-proof, with stone-walls, cast-iron columns, and hollow brick 
arches. By referring to the cross section of the mill, given in 
Plate II., it will be noticed, that the side-walls throughout the 
entire length of the structure are made hollow, as shown at a, a, a, a, 
&c. Through these openings a supply of pure fresh air to each 
room is admitted and regulated a few inches above the floors ; and 
corresponding outlets for the heated or vitiated air being provided 
above, a simple but most efficient ventilation is obtained, and at all 
times and seasons an adequate circulation of air is passing through 
the mill. Each room is longitudinally divided by a single row of 
columns; and it was found expedient to form two unequal spaces 
in order to accommodate the machinery, and leave in the centre a 
thoroughfare fi-ee from obstruction. The divisions are, therefore, 
respectively, 27 feet 6 inches, and 22 feet 10 inches. In its con- 
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straction as a fire-proof structure, the mill varies from the usual 
practice in one important particular, the arches for supporting the 
floors being constructed of hollow bricks, the form and section of 
which are accurately shown in figs. H and I, Plate II. This adapta- 
tion is a great improvement, inasmuch as it greatly diminishes the 
dead weight and strain upon the iron beams ; and the bricks them* 
selves having been moulded to the proper curve, an even surface is 
obtained for the soffit or under side of the arch. This work then 
simply required pointing, and the plastering of the arches has been 
entirely dispensed with. The sectional drawing, K, shows the span 
and versed sine of the U'ches, the haunches, b, b, b, being filled with 
concrete and levelled, to give a soUd and equable bearing for the 
floors, which are made of Yorkshire flag-stones, 2^ inches thick. 
The cast-iron beams are of the section of greatest strength, as shown 
in the following tables. For the wider span of 27 feet 6 inches, 
they were made 18 inches deep in the middle, and 11 inches deep 
at the ends ; and for the smaller span of 22 feet 10 inches, 17 inches 
deep in the middle, and 10 inches at the ends. The mixture of 
metals from which they were cast was as follows : 



Gartsherrie, No. 8. ^ 
Dundyvan, No. 8. 
Hematite, No. 8. 



Equal parts of each. 



And by computation, the power of the two beams to resist a trans- 
verse strain in the middle was found to be 29^ tons and 22^ tons 
for the larger and smaller ones respectively. In order, however, to 
test the quality of the metal, a casting from each beam was fractured 
by the suspension of a dead weight of pig-iron from the centre. 
The following are the results of these experiments. 
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On account of the danger of approaching too near 
the beam, the deflections, tiU 29i tons were laid on, were not 
taken. The beam ultimately broke with that weight. 



About 200 of the long beams having been tested with 12 tons in 
the centre, they deflected differently from f to f of an inch. 

The same number of short beams, tested with 8 tons in the 
centre, deflected differently from ^Zg. to -^ of an inch. 

From the above tests it will be seen that the mixture or compound 
of the three irons indicated a strong and superior quality of metal. 

The roof, like the other parts of the building, is entirely fire-proof. 
It is composed of 128 principals, formed of T-iron, angle-iron, and 
tie-rods, as exhibited in section at 6, Plate 11. The ends of the 
principals are fitted into cast-iron shoes, which rest upon the walls ; 
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and to those again are attached the horizontal transverse rods, G, 
which support the principals, and retain the whole in fonn. From 
the top, on each side of the ridge, and along the whole length of the 
building, the room is lighted with glass, and the position of the 
frames is so situated as to render the room at once light and cheeifiil 
in appearance. In other respects, the only objectionable feature, in 
such a long and extended room, is the comparative lowness of the 
roof; but when it is considered that the structure is made for the 
purpose of utility, and not for exhibition, the impression vanishes, 
and the conception of the objects to be attained becomes more 
distinct and more strikingly apparent. Besides, it must be borne in 
mind, that any enlargement of this part of the edifice would have 
increased the expense of maintaining uniformity of temperature ; and 
that, more particularly in a situation so much exposed to atmospheric 
influence, would have proved detrimental, if not seriously injurious, 
to the manufacturing process, and the machinery employed in the 
room. 

The large weaving-shed, marked C, Plate I., on the plan, it will 
be observed, is divided into parallelograms of 36 feet in one 
direction, and 18 feet in the other. At the angles of each division 
cast-iron columns are fixed, which support 13 lines of cast-iron 
gutters, marked a, a, fig. 72 ; and these gutters are constructed of 
such dimensions as to form entablatures for the colunms, and 
supports for the reception of the roof, which extend from east to west, 
in the same direction ; as also the glass divisions in every compart- 
ment which face the north, and give nearly at all times of the day a 
steady uniformity of light. The combing-shed, D, is of a similar 
construction ; but with this exception, that it is divided into squares 
of 18 feet, and supported by columns and roofs in the same way as 
those of the weaving-shed. The annexed woodcut, fig. 72, gives a 
section of this part of the construction, showing the position of the 
columns, the angle of the lights, and a portion of the cellar, which 
contains the driving-shafts, wheels, pulleys, &c. that give motion to 
the machinery, to the amount of 1000 looms or upwards, in the room 
above. 

The peculiar features in this department are, that the mill-work 
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and driving-gear are all below the floor; and the whole of the 
immense area is free from the obstruction of straps, wheels, drums, 
or other impediment, tending to obstruct the view. The result of 




Pig. 72. 

this is, that the overlooker has full command of the whole room at a 
single glance. 

2. Gas and Water Supply. In these necessary adjuncts to an 
establishment of such magnitude, every precaution has been taken to 
insure a regular and constant supply. The gas-works are situated at 
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the lowest point of the land, between the canal and the river ; and I 
the gasometer-tank, 62 feet diameter, and 20 feet deep, is sufficiently 
low to be filled either from the large water-pipes or reservoir intended 
to supply the town of Saltaii'e, or from the canal, which flows at a 
level of about 23 feet above the bed of the river. The gas-holder is 
60 feet in diameter, 18 feet deep, and contains 50,000 cubic feet of 
gas, or a supply sufficient to maintain 6000 lights. The works are 
supplied with soft rain-water collected from the roofs, and the 
condensed water from the steam used in heating the mill. These 
waters are conveyed by pipes into a large tank or cistern under the 
combing-shed, where it is preserved and filtered for the cleansing 
and washing of wool. For the supply of water to the town for 
domestic use, a well is sunk to a considerable depth under the 
foundation of the steam-engines ; and a 9-inch pump is attached to 
one of them, for the exclusive purpose of raising the pure spring- 
water into a reservoir of sufficient altitude to command the whole of 
the town, on the gravitating or high-pressure principle. 

3. Heating and Ventilation. To maintain a uniform temperature, 
and to change the atmospheric contents of the different rooms where 
numbers of persons are employed, has been a question of anxious 
solicitude on the part of the architect and engineer, as well as Mr. 
Salt; every known precaution has been taken, and every known 
improvement adopted, to secuie an agreeable temperature and a 
healthy ventilation. It has already been stated, that the walls of the 
main building have been perforated for the admission of pure, and the 
discharge of the saturated air ; and in addition to these provisions, 
each room has a double row of steam-pipes, heating the upper strata 
of air to a temperature of 60^ and thus causing a constant circulation 
of imperceptible currents to be passing through the rooms. 

The weaving-sheds, which are lofty and more exposed, are heated 
and ventilated by a different process. The system is here accomplished 
by a mechanical operation of forcing air through two or more 
cylinders, filled with small tubes. These tubes are kept heated by 
the exhaust-steam of two non-condensing high-pressure engines, 
employed to drive the fans by which the air thus heated is forced 
along channels under the floor, and passing along between the groins 
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of the arches, is ultimately discharged into the room by register- 
valves, at nmnerous inlets from the channels below. This apparatus, 
the invention of Messrs. Hamilton and Weems, of Johnstone, near 
Glasgow, is expected to maintain a constant circulation of warm air 
into the room throughout the winter, and cold air during the more 
intense heat of the smnmer months. 

4. Motive-Power^ MiU-Worky and Machinery. The prime movers 
of the Saltaire mills are two separate pairs of condensing steam-engines, 
situated, as shown on the ground-plan, at each side of the main 
entrance. These engines are calculated to exert collectively a force of 
not less than 1250 horses, calculated according to the usual rule of a 
horse-power, being equal to a weight of 33,000 lbs. raised one foot 
high in a minute. They are massive and imposing in design, and 
are proportioned in their parts to work with that great economiser 
of fuel, high-pressure steam. The steam is generated in ten multitu- 
bular boilers, placed in front of the mill, but below the level of the 
ground. Their site is indicated by the dotted lines on the ground- 
plan, Plate II. The boilers are constructed with a view to the 
prevention of smoke, and the least possible consumption of coal. 
For these purposes, every precaution has been taken to prevent the 
escape of heat : the boilers are carefully covered with non-conducting 
material; and even the steam-pipes for the supply of the engines, 
after leaving the boilers, are carried into the main flue, where the 
steam is relieved of all vapoury particles it may have carried with it, 
and, surcharged with heat, enters the cylinder for the exertion of its 
power in a highly elastic and effective state. The flame and gases 
from the boiler-furnaces are gathered into one main flue, which runs 
direct to the chimney-shaft. This chimney, which, under the skilful 
treatment of the architects, is an ornament and finish to the general 
mass of the buildings, instead of an eyesore, stands at some Uttle 
distance in front, and rises majestically to a height of 250 feet. It 
is built of stone, in the style of an Italian campanile ; but to preserve 
the column from the action of the heated currents, and to preserve a 
parallelism of flue from bottom to top, it is Uned with a casing of 
fire-brick, which leaves a space of warm air protecting the external 
walls, and maintaining a perfectly uniform and efficient draught. 
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The two pairs of engines work independently of each other ; but 
in both cases the power is taken direct from the peripheries of tbe 
fly-wheels, the recipients of their motion being spur-wheels, geared 
with wooden teeth. The requisite motion and speed is carried from 
the main wheel to the remotest part of the establishment, by shafts 
and wheels in the usual way. The total length of shafting is upwards 
of 10,000 feet, or very nearly 2 miles, varying from 14 inches to 2 
inches diameter, weighing upwards of 600 tons, and revolving at 
velocities varying from 60 to 250 revolutions per minute. It will 
not be necessary to describe in detail the diiferent classes of 
machinery ; suffice it to say, that Mr. Salt, with that forethought and 
liberality which are absolutely essential to the successful and profitable 
working of all such concerns, determined that it should be new 
throughout, and that it should embody the results of the newest 
invention and the most perfect construction. 

The capabilities of Saltaire mills may be possibly measured by the 
statement, that it will contain within itself the means of every kind 
of preparing from the raw material, the supply for not less than 1200 
power-looms ; and that the daily yield or production of those 1200 
looms is the astounding total of 30,000 yards of alpaca, or mixed 
cloth, per day, or upwards of 5000 miles per annum. 



PART IV. 

THE ADAPTATION OF MALLBABLB-IEON BEAMS OB GIEDEBS 
FOB THE CONSTBUCTION OF BBIDGES, 

Bridges have been in use as a means of faciUtating conveyance 
from a remote antiquity and have received in all ages that considera- 
tion to which, from their great importance and public utility, they 
are so justly entitled. They form connecting links between separated 
lands, — ^they cross the rapid river and the deep ravine, and fling a 
safe roadway over places otherwise impassable or difficult of access. 
They are among the most valuable means possessed by the civilised 
world for facilitating that interchange of natural and manufactured 
products, from which arises the intelligence and prosperity of nations. 
To them, in some measure, we owe all the benefits we now derive 
from steam communication; for without them, the vast railway 
system, which is spreading its network over every land, could not 
exist. Surely, then, every improvement and every new application 
which increases our power of contending with the irregularities of 
the earth's surface, is entitled to the most careful consideration of the 
philosopher, the engineer and the community at large. 

Passing briefly in review the principal forms of bridges now in 
use, we find that nearly all those of a fixed or permanent character, 
though of great variety in appearance and construction, are readily 
resolved into three classes, sufficiently convenient and accurate for 
the objects contemplated in this work : — 

1st. There are those like the stone arch, supported by resistance 
to compression ; 
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2nd. There are others called suspension bridges, supported by 
resistance to tension ; and, 

Lastly, the remainder are supported by combined resistance to 
tension and compression, and are known as beam and girder 
bridges. 

History does not inform us when these forms of bridges were first 
introduced, but we may reasonably conclude that they must have 
been coeval with the earliest attempts at construction, and that it 
could not have escaped the notice of the first workers in stone, iron, 
and wood. I conceive that the intelligent race who invented the 
plough, the loom and instruments of music, would never allow a con- 
struction so palpably useful to elude their notice. The earliest bridges 
were probably of timber, and simply consisted of the trunks of trees 
thrown across rivers from bank to bank. Stone might also have 
been employed in some cases on the system of corballing, by placing 
quaiTied blocks upon one another on either side, with their ends 
projecting one over the other, and continuing the process till they 
met in the centre. This was done by the ancient Egyptians before 
the arch was discovered, as may be seen in some of the architectural 
remains of that interesting people. 

These and other erections were probably in use ages before the time 
of Xerxes, Vho constructed the bridge of boats across the Dardanelles 
— a great achievement at that time, though surpassed by Trajan's 
Bridge across the Danube and Caesar's across the Rhine. Great as 
were these undertakings, even they are probably inferior to some 
ancient structures of the Chinese ; and, indeed, it may be questioned 
whether the most stupendous works of modern times, the bridge of 
Telford over the Menai Straits, or that of Freiburg in Switzerland, 
when their respective dates are considered, are superior in boldness 
of design and execution to some of these masterpieces of the ancient 
Chinese. 

The increase of commerce in modern times has, progressively, 
led to the erection of bridges of a more durable character and larger 
dimensions than those of ancient date ; and down to comparatively 
recent times, the stone arch has maintained a decided superiority 
over the more perishable structures ; whilst as better modes of con- 
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stniction were disoovered, and greater minds employed in their design 
and erection, their spans have been enlarged and their beauty increased, 
till they have taken rank among the noblest results of architectural 
and engineering art. 

The immense extension of the railway system in this and other 
CDuntries has necessitated a great number of new constructions, such 
as tunnds, cuttings, embankments, &c. ; and among these, bridges 
hold a prominent place in utility and importance. 

The strength, security, and symmetrical proportions of bridges 
have ever attracted the attention of the most eminent architects 
and mathematicians: and at a time when new discoveries in 
chemistry, electricity, and mechanics, are causing a revolution in 
every branch of science and art, it is not surprising that bridges 
of new capabilities and of improved design should be brought 
into use. At no period of history has the demand for bridges been 
80 large, or the difficulties to be encountered so great, as they have 
been since the introduction of railways, — and yet, never has that 
demand been so cheerfully met, and never have the difficulties been 
so energetically and so effectually overcome, as during the last thirty 
years. 

The innumerable number of interests that have to be consulted, 
and the various character of the obstacles to be surmounted, in the 
construction of railways, have led to the erection of bridges of almost 
every description. Sometimes different constructions have been 
adopted from necessity, at others from caprice, and in many 
instances the skew arch is chosen, not from any inherent merit of its 
own, but because it appears more ingenious and more difficult of 
construction than the simple rectangular bridge. 

Of these various forms, we may notice the cast-iron skew and 
rectangular arches for wide spans; the bowstring bridge, with an 
arch of cast iron above and strong tension rods below, as chords to 
the arch, the roadway being suspended from the arch above by 
vertical rods ; the wooden laminated arch of American origin, which 
has the roadway either supported above by framework rising from 
the top of the arch or suspended below, as circumstances require : 
to these we may add the trussed timber and trussed cast-iron 

n2 
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bridges, and many others which have "been put in requisition, and 
more or less advocated for various good quahties, such as compact- 
ness, economy or strength. 

There exists great difference of opinion as to the comparative 
merits of these various forms in their applicability to the require- 
ments of road and railway traffic, but on one point most of the 
profession are agreed, viz :- — ^the peculiar advantages of the solid 
horizontal form. On all sides it seems to be allowed that a bridge, 
having a perfectly horizontal soffit, united to great strength, compact- 
ness and durability, is a desideratum ; more especially wh^e it is 
necessary to have the roadway level, and to obtain the greatest pos- 
sible height under the bridge. These conditions are almost always 
required in the case of railways crossing navigable rivers, canals, or 
roads; and to supply these requirements the horizontal tubular 
girder and plate girder bridges have been employed, as not only the 
most economical, but as being the strongest and most rigid in spans 
varpng from 40 to 400 feet. 

Since the introduction of the tubular system and the completion of 
the stupendous bridges over the Conway and Menai Straits, many 
attempts have been made to vary the form, so as to produce a bridge 
of an apparently new construction ; but almost all horizontal bridges 
are built on the principle of the beam or girder, which is sustained 
by its resistance to the forces of tension below and compression 
above. Even the lattice and bowstring bridge, and the compound 
bridge of Mr. Brunei, as erected at Chepstow and Saltash, although 
very different in appearance, partake in almost every respect of this 
principle of construction. 

Before we proceed to consider the great variety of bridges which 
present themselves, it will be necessary to devote some attention to 
the materials, such as timber, stone, brick, iron, &c., of which they 
are composed. In the construction of bridges circumstances vary, 
and often dictate the material to be employed. " The locality," as 
observed by Mr. Hosking, " will often point out the material by 
furnishing one particular kind and denying others, and the use of 
that kind economy will very generally impose ; " but it still remains 
for consideration whether or not some other material than that which 
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the locality supplies may not be adopted for reasons of economy and 
expediency to meet the requirements of traffic, and to ensure the 
durability of the structure. 



limder. 

Of all the materials employed for bridge building, timber is pro- 
bably the most extensively and variously available ; it is the material 
by the use of which the greatest amount of work can, in most cases, 
be effected at the least cost, and in the shortest time ; whilst in most 
countries it affords greater facilities for construction than any other 
description of material. Its power of resistance to strain depends on 
its quality, as is shown in the following tables, which exhibit its 
resistance to tension and compression, which it will be observed is 
much inferior to stone and iron. The following table gives the result 
of some experiments carefully conducted by Mr. Hodgkinson at my 
works in 1839. 

The specimens on which these trials were made, were turned into 
cylinders of about one inch in diameter and two inches long ; the 
crushing surfaces were perfectly parallel, and the specimen to be 
crushed had its ends firmly bedded against them ; the power being 
apphed in the direction of the fibres. The specimens broke by 
sliding off at a constant angle, dependent on the nature of the 
material. And this Mr. Hodgkinson found to be the case in 
his experiments on cast iron and other bodies; showing that the 
strength in any particular species of bodies varies directly as the area 
of the section. Great discrepancies occurred when the woods were 
of different degrees of seasoning and dryness ; wet timber, though 
felled for a considerable time, bearing in some instances less than half 
what it would have borne when dry. 
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Compressive Strength of Wood. 



Description of Wood. 



No. of 
Bxperi- 
mentB. 



Metnforoe 

per 

aqoareindi 

required to 

cnuhihe 



Yellow Pine 

Cedar 

Eed Deal 

Poplar (not quite dry) 

Poplar (dried two months, length 1 inch) . . 

Larch (green) 

Larch (dried one month) 

Plum-tree (wet, though cut two years) . . . 

Plum-tree (dried two months) 

Birch (green) . . ^ 

Birch (dried two months, 1 inch long) . . . 

Sycamore 

Ash . 

Ash (dried two months, length 1 inch) . . . 

English Oak 

English Oak (dried two months, length 8 inches) 

Spanish Mahogany 

Box-tree 



3 
3 
3 
3 
1 
8 
1 
8 
8 
3 
3 
3 
3 
1 
3 
2 
3 
7 



5375 
5674 
5748 
3107 
5124 
3201 
5568 
3654 
8241 
3297 
6402 
7082 



6484 
9509 
8198 
9771 



With the exception of the poplar, larch, birch, plum, and oak, 
the above specimens were moderately dry ; and where it is stated 
that they were kept for any particular time it is to be understood 
that they were prepared specimens, which not being used at the 
time the earlier experiments were made, were kept in a warm diy 
place during the time mentioned, and then re-measured and 
crushed. 

If we now take the strength of direct cohesion from Muschen- 
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broeck and Barlow, we shall have for their resistance to a tensile 
strain the following proportions. 



Tensile Strength of Wood — according to Muschenbroeck. 



Description ofWood. 



LocuBt-tree . 

Locust-tree . 
Beech and Oak 

Orange . . 

Alder . . . 

Elm. . . . 

Mulberry . . 

Wfflow . . 

Ash. . . . 

Plum . . . 

Blder . . . 



Tensile 

strength 

per sqoare 

inch in lbs. 



20,100 
18,500 
17,300 
16,500 
13,900 
13,200 
12,500 
12,600 
12,600 
11,800 
10,000 



Description of Wood. 



Pomegranate 
Lemon . . 
Tamarind . 
Fir, . . . 
Walnut . 
Pitch-pine 
Quince. . 
Cyprew 
Poplar . . 
Cedar . . 



Tensile 

strength 

per square 

inch in lbs. 



9,750 
9,260 
8,750 
8,330 
8,130 
7,630 
6,760 
6,000 
6,600 
4,880 



According to Barlow. 



Deseription of Wood. 



Tensile 

strength 

per square 

inch in lbs. 



DeeoriptionofWood. 



Tensile 

strength 

per square 

inch in lbs. 



Box. 
Ash. 
Teak 
Pip . 



20,000 
17,000 
16,000 
12,000 



Beech . 
Oak . . 
Pear . . 
Mahogany 



11,600 

10,000 

9,800 

8,000 



Comparing the above experiments on tensile strength with those 
of Mr. Hodgkinson on the resistance opposed to a crushing force, we 
deduce the following comparative ratios of strength. 
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Descriplioii of Wood. 


Meu 
enuhing force 

per 
Bqoueinch. 


Meutennle 

(trengthper 

■qnue inch. 

Hnachenbroeck. 


Mean tenaOe 

Btrengthper 

■qnare indi. 

BwloT. 


Batio: 
= 1-00. 


Box 

A«h 

Fir . 

Oak 

Plum-tree 

Mahoganj 


9771 
8683 
6748 
7996 
6947 
8198 


12,500 

8,830 

17,800 

11,800 


20,000 
17,000 
12,000 
10,000 

8,000 


1:2-04 
1:169 
1:1-76 
1 : 1-70 
1:1-98 
1:0-97 



Exclusively of timber being applicable as a material of which 
bridges may be built, it is an essential auxiliary in the erection of 
bridges of any other material. But although possessing so many 
advantages it is of all building materials the most liable to decay, 
and is most exposed to injury if not entire destruction from fire. It 
is also subject to change during seasoning from the evaporation of 
its sap; and the constant shrinkings and swellings occasioned by 
changes in the hygrometric state of the atmosphere are sure indica- 
tions of rapid decay. Hence a timber bridge is objectionable both 
as regards durability and ultimate economy. Various expedients 
have been resorted to in order to prevent atmospheric changes 
influencing timber ; but few of them afford the necessary protection 
in a climate so variable as that of the British Isles. 



Stone. 

Stone is admirably adapted for bridge-building on account of its 
unyielding nature and its great power of resistance to compression. 
It may be cut to any form, and it is, practically speaking, unin- 
fluenced by atmospheric changes, by heat, or by those causes which 
so greatly affect substances absorbent of water, of high conducting 
power or of much affinity for oxygen. These properties render it 
applicable in most situations where it can be obtained in large 
quantities and at moderate cost. It cannot, however, be employed 
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where gieat spans are necessaiy, as we know of no instance where a 
stone bridge exceeds a span of 250 feet.* Hence in all large 
stmctures it becomes a question whether some other material may 
not be advantageously used in order to save the enormous expense of 
stone arches of large span. 

As all stone bridges are supported exclusively by campression, and 
since stone is rarely used otherwise, it will be sufficient to investigate 
its powers of resistance to this force, in order to establish those rules 
which in practice should guide the engineer in the selection and 
application of the material. As these rules are derived from direct 
experiments on a great variety of specimens^ we may rely with greater 
confidence on the results. 

In the construction of the Conway and Britannia bridges fears 
were entertained of the security of the masonry of the piers under the 
enormous pressure of the superincumbent tubes of iron, and hence 
it was considered necessary to ascertain the resisting powers of the 
materials employed in their construction. The following are the 
results of some experiments conducted by Mr. Latimer Clarke, 
January, 1848. 



Sandstone. 

lbs. per 
aqnare inch. 

1. — 3 in. cube of red Bandstone, weighing 1 lb. 14f oz., 
Bet between boards (made quite drj by being 
kept in an inhabited room). Crusbed with 
8 tons 4 cwt. qra. 19 lbs ^2043 

2. — 3 in. cube sandstone, weighing 1 lb. 14 oz., set in 
cement (moderately damp). Crushed with 
5 tons 3 cwt. 1 qr. 1 lb. , =1285 

3. — 3 in. cube sandstone, weighing 1 lb. 15^ oz., set 
in cement (made very wet). Crushed with 
4 tons 7 cwt. qrs. 21 lbs. ...... . = 1085 

4. — G in. cube sandstone, weighing 18 lbs., set in cement. 

Crushed with 63 tons 1 cwt. 2 qrs. 6 lbs. . .=3924-8 

* The Chester Bridge, built by Mr. Harrison, has a span of 200 feet. 
That which formerly stood at Trezzo, over the Adda, had an arch of 251 feet 
span : the versed side of the segment rather exceeding one-third of the chord. 
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lbi.per 

sqiureinck. 

5. — 9} in. cube sandstone, weighing 58^ lbs., set in 

cement. (77i tons were placed upon this 

without effect, s 2042 lbs. per square inch, 

which was as much as the machine would cany.) 

Mean = 2185 

All the sandstones gave way rnddenlt/y without any previous 
cracking or warning. The 3-in. cubes appeared of wdinary de- 
scription ; the 6«in. was fine grained, and appeared tough and of 
superior quality. After fracture the upper part generally retained the 
form of an inverted pyramid about 2^ inches high and very 
symmetrical, the sides bulging away in pieces all round. The 
average weight of this material was 130 lbs. 10 oz. per cube foot or 
17 feet per ton. 

The average weight required to crush this sandstone is 184 tons 
per square foot, equal to a column 2351 feet high of such sandstone. 



Limestone. 

Wm, per 
square inch. 
I. — 3 in. cube Anglesea limestone, weighing 2 lbs. 
10 oz., set between boards. Crushed with 
26 tons, 11 cwt. 3 qrs. 9 lbs =6618 

Thie stone formed ntunerous eraekt and BpUntera all 
xoimd, and was oonndered crashed, but on remoTing the 
weight abont two-thirds of its area la^fonnd nnii^jured. (/^"UA 

2. — 3 in. cube limestone, weighing 2 lbs. 9 oz., set 

between deal boards. Crushed with 82 tons 

6cwt. Oqrs. lib =8039 

This stone began to split ezteraally with 25 tons (or 
6220 lbs. per square inch), but ultimately bove as abore. 

8. — 3 in« cube limestone, wei^^iing 2 lbs. 9 oz., set in 

deal boards. Crushed with 30 tons 18 cwt. 

3 qrs. 24 lbs =77026 

4.— Three separate 1 in. cubes limestone, arranged in a 

triangle, weighing 4i^ oz., set in deal boards. 

Crushed with 9 tons 7 cwt. 1 qr. 14 lbs. . * . = 6995*8 
All crushed simultaneously. 



Mean ^ . . .s7579 
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All the limestones formed perpendicular cracks and splinters a 
considerable time before they crushed. 

Weight of material from above = 165 lbs. 5 oz. per cubic foot, or 
13^ feet per ton. 

The weight required to crush this limestone is 471' 15 tons per 
square foot, equal to a column 6433 feet high of such material. 

This was the material employed for the towers of the Menai 
tubular bridge, and the experiments were commenced in order to 
ascertain whether this description of stone was capable of supporting 
the enormous weight of the iron-work contained in the tubes. 
Subsequently, it was deemed expedient to build into the piers 
cast-iron beams, covering a large surface upon which the ends of 
the tubes might rest. By this means the pressure was distributed 
over a large area, and all risk of danger avoided. 

To the above experiments may be added some others recently 
conducted by the author on a great variety of stone from diffi^rent 
parts of the kingdom.* The specimens subjected to experiment were 
smaller than those employed for the tubular bridges, being only; 
1, 1^, and 2 inch cubes, but the breaking weights were carefully 
observed, and recorded as follows : — 

* See a paper ** On the Comparative Yalae of various kiads of stone, as 
exHbited by their powers of resisting Gompresaion," in the fourteenth volume 
of the ** Memoirs of the Literary and Philosophical Society of Manchester.*' 
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Experiments to determine the Force required to Crush different hinds of Stone. 



1 


DeBcription 
of Stone. 


Locality. 


Size of 
cube. 


Speei^c 
graTity. 


Prenore 

to 
fi«etare 
spedmen 


Frcnaie 

to 

enuh 

specimen. 


fnamre 

per 
■quare 
inch to 
crash 

specimen 


Cnbie 
feet in 
• too. 


Sandstone . 


Shipley*. . . . 


inches 
2 


2-452 


33,524 


38,900 


9,725 


14-616 


2 


n 


Heaton*. . . . 


» 


2-420 


33,524 


40,692 


10,173 


14-809 


3 


» 


HeatonPark*, . 


>9 


2-885 


29,940 


31,732 


7,938 


15-027 


4 


» 


Spinkwell . . . 


99 


2329 


DefectiTe 


DefectiTe 


... 


15-388 


5 


» 


Idle Quarry t . . 


99 


2-464 


42,484 


43,380 


10,845 


14-545 


6 


» 


JegniTn*B Lane f . 


99 


2-400 


45,172 


47,860 


11,965 


14-933 


7 


>9 


Spinkwell t . • . 


99 


2-456 


31,732 


37,108 


9,277 


14-592 


8 


» 


Coppy Quarry t . 


99 


2-408 


37,108 


41,588 


10,397 


14-833 


9 


» 


OldWhatley*. . 


99 


2-415 


35,316 


35,316 


8,829 


14-840 


10 


99 


MaDninghamLane* 


99 


2-401 


28,148 


37,108 


9,277 


14-927 


11 


>» 


19 


99 


2-421 


FkUed 


Ruled 


... 


14-804 


12 


Qrauwacke. 


Penmanmawr • . 


99 


2-748 


40,692 


67,572 


16,893 


13-042 


13 


Oranite . . 


Mount Sorrel . . 


99 


2-657 


... 


... 


... 


13-489 


14 


n 


99 


99 


2-675 


51,444 


51,444 


12,861 


13-398 


15 


Qrauwacke. 


Ingleton. . . . 


99 


2-787 


85,316 


(58,236) 


( Not 
(crashed 


12-866 


16 


Granite. . 


Aberdeen • . . 


99 




27,546 


(28,840) 


f Not 
(crashed 


... 


17 


Syenite • . 


Mount Sorrel . . 


99 




47,284 


47,284 


11,821 


... 


18 


Granite . . 


Bonaw . . . . 


li 




17,396 


24,564 


10,917 


... 


19 


» 


Fumess 




99 




24,664 


24,564 


10,917 


... 


20 


» 


A . . 




99 




22,772 


24,564 


10,917 


... 


21 


Limestone . 


B . . 




99 




17,896 


19,188 


8,528 


... 


22 


n 


C . . 




99 




18,292 


19,188 


8,528 


... 


23 


99 


Anston 




1 




2,164 


8,060 


8,050 


... 


24 


99 


Worksop 




99 




8,946 


7,098 


7,098 


... 


25 


Sandstone . 


D . . 




99 




8,050 


3,498 


3,498 


... 


26 


99 


E . • 




2 




10,218 


12,228 


8,067 


... 



* Pressure applied in the direction of the cleavage. 

t Pressure applied perpendicularly on the bed of the stone. 
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On comparing the results on tlie Yorkshire sandstones, it will be 
seen that the difference of resistance to pressure does not arise so 
much from the variable character of the stone, as from the position 
in which it is placed as regards its laminated surface, — ^the differ- 
ence being as 10 : 8 in favour of its being crushed upon its bed, to 
the same when crushed in the direction of cleavage ; and the same 
holds true of the limestones. 

A considerable number of the above specimens were dried and 
weighed ; immersed in Water, and again weighed, to ascertain their 
relative absorbing powers. The results are given in the following 
table : — 



Experiments to ascertain the amount of Water absorbed by different 

kinds of Stone. 



4 


DeKription 

of Stone. 


LocaUtjr. 


Weight 

before 

immeitiio]!. 


Weigbt 

«Aer 

immenion 

for48hoan. 


Differ- 
ence of 
ireight. 


Proportion 
alMorbed. 








Um. 


IIm. 


Iba. 






1 


Sandstone . 


Shipley .... 


5-4687 


5-5546 


•0859 


lin 


63-6 


2 


9f 


Keaton .... 


5-2578 


5-8632 


•1054 


lin 


498 


3 


99 


Heaton Park . . 


5-1718 


5-2896 


•1171 


lin 


44-1 


4 


» 


Spinkwell . . . 


6-2968 


6-4726 


•1758 


lin 


30-1 


5 


n 


Idle Quarry . . . 


5-7178 


5-8203 


•1016 


lin 


56-3 


6 


99 


Jegmm's Lane. . 


5-5976 


5-7187 


•1211 


lin 


46-2 


7 


» 


Spinkwell . . . 


5-6757 


5-7851 


•1094 


lin 


68-8 


8 


99 


Coppy Quany . . 


5-5703 


5-6914 


•1211 


lin 


46-0 


9 


»9 


OldWhatley . . 


5-4726 


5-6132 


•1406 


lin 


88-9 


10 


99 


Mauningham Lane 


5-4882 


5-6093 


•1211 


lin 


46-3 


11 


99 


99 


5-6289 


6-7539 


-1260 


lin 


450 


12 


Grauwacke. 


Wales. . . . . 


5-4101 


6-4140 


•0039 


lin 


16410 


13 


Granite. . 


Mount Sorrel . . 


5-6875 


5-6992 


•0117 


lin 


486-0 


14 


99 


99 


5-8007 


5-8124 


-0117 


lin 


496-0 


15 


Qrauwacke. 


Ingleton . . . . 


5-7500 


6-7539 


-0039 


lin 


1962-6 
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It wOl be observed that Spedmen No. 15, the Ingleton Gnu- 
wacke, is the least absorbent, and No. 12, the Wekh Grauwacke, 
absorbs almost as little, while Nos. 9 and 14 of the sandstones 
absorb most. The granites, though closely granulated, take up 
much more water than the Grauwacke, but less than the sandstones. 
The resistance of the Grauwacke specimens to the admission of water 
is four times that of the granite, and thirty-six times that of sand- 
stone, such as is found in the Yorkshire quarries. 

In this country we have perhaps some of the largest and most 
magnificent stone bridges in Europe, to prove which we have only to 
instance some of the constructions of one of the most successful 
bridge-builders of this or any other country, the late Mr. Rennie, 
also the numerous examples by Telford, Perronet, and other con- 
temporaries. None, however, surpass, if any of them equal, the 
Waterloo and London bridges over the Thames; the first by the 
late, and the latter by the present Sir John Rennie. The arch^ 
of these bridges are elliptical, and whether they are considered in 
regard to their chaste and beautiful forms, their strength or their 
solidity of construction, they are undoubtedly among the finest and 
most perfect structures of their kind in the world. The flat arch 
has been greatly improved, and is much in demand in France and 
other parts of Europe, but for want of sufficient strength and solidity 
in the abutments, it has not always been successful. It requires the 
utmost strength and solidity in the abutments to oppose sufficient 
resistance to the thrust of the flat segmental arch. So far as beauty 
of design and stability of construction is concerned, we are much 
indebted to Perronet, the success of whose efforts is seen in the Pont 
St. Maixence, Pont de la Concorde, &c., both of which are fine and 
imposing structiu-es. For elegance of design, however, they do not 
appear equal to those of Rennie, Telford, and other contemporaries. 

Brick, 

Brick as a material for bridge building may be considered as 
simply a substitute for stone, to be used in those districts where that 
material is not found, or is too expensive ; as such, well burnt bricks 
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carefiilly moulded and made of good clay, are invaluable ; and we 
might adduce numerous instances of their utility in securing des- 
patch and economy in the erection of bridges. Well made and 
thoroughly burnt bricks appear to be almost as uninfluenced by 
hygrometric and thermometric changes as stone; they have this 
defect, however, that they cannot be used without the interposition 
of a large portion of plastic mortar between them, thus exposing the 
structure to considerable shrinking from the number of joints and 
the yielding nature of the material by which the parts are united. 
On account of this defect, brick as a bridge-building material will 
not bear comparison with stone ; and their small parallelepiped form 
unfits them to some extent for the formation of arches, as they 
cannot, like stone, be at all times moulded to the form of voussoirs, 
radiating from the centre, and fitting one another accurately. Hence 
a bridge of bricks cannot be considered, theoretically or practically, 
equal to one which has only about a tenth of the number of joints, 
and in which the faces of the joints are parallel and perpendicular to 
the line of pressure. 

The following experiments, a part of the series conducted by Mr. 
Latimer Clarke, already alluded to, gives the resisting power of this 
material : — : 

BrickiDork. 

11m. per 
square inoh. 
1. — ^9 in. cube of cemented brickwork (Nowell & Co.), 

No. 1 (or best qualify), weighing 54 lbs., set 

between deal boards. Crushed with 19 tons 

18 cwt. 2 qrs. 22 lbs =551*8 

2. — 9 in. cube brickwork. No. 1, weighing 58 lbs., set in 

cement. Crushed with 22 tons 8cwt. Oqrs. 171b8. = 6127 
3. — 9 in. cube brickwork, No. 8, weighing 62 lbs., set in 

cement. Crushed with 16 tons 8cwt. 2qrs. Slbs. = 454*8 
4. — 9i in. brickwork. No. 4, weighing 55i lbs., set in 

cement. Cru8hedwith21tonsl4cwt.lqr.l71bs.s568'5 
5. — ^9 in. cube brickwork, No. 4, weighing 54i lbs., set 

between boards. Crushed with 15 tons 2 cwt. 

qrs. 12 lbs = 4170 



Mean ss52r0 
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Note. — ^The last three cubes of brick continued to support the 
weight, although cracked in all directions ; they fell to pieces when 
the load was removed. All the brickwork began to show irregular 
cracks a considerable time before it gave way. The average weight 
supported by these bricks was 33-5 tons per square foot, equal to a 
column 58369 feet high of such brickwork. 

Wrought and Cast Iron. 

Iron is a material which has only of late years been employed in 
the construction of bridges, except in the shape of straps and bolts 
for strengthening and binding together structures of wood. At the 
present time it has for many purposes nearly superseded all the 
others, and is almost exclusively employed. So extensive are its 
uses, and so generally is it employed in every department of art, 
that we may assert that no construction of any pretensions to strength 
and durabihty can be perfected without it. 

It will not be necessary in this place to enter upon the strengths 
and other properties of iron, as the experimental inquiry has already 
been given in part in the former sections of this work, and the 
remainder will be more appropriately introduced when we arrive at 
the section which treats of wrought-iron bridges. 

Cast-iron has been employed in the construction of bridges for a 
longer period than wrought iron, as the bridges of Coalbrookdale (in 
1773), Sunderland (in 1792-5), and Southwark (in 1815-9) testify. 
More recently, an immense number of cast-iron girder and arched 
bridges have been introduced for railways, of almost every possible 
form; and until late years, they were the best means known to 
engineers for spanning wide rivers with a strong and rigid structure. 
Now the introduction of girders formed of wrought-iron plates, 
enables him to extend a level roadway across rivers and chasms of 
400 or 500 feet wide, and we have probably yet to learn the limit to 
which these constructions may be carried by the judicious application 
of the wrought-iron system. It will not be necessary to enlarge 
upon the advantages to be derived from a more extended application 
of this material, which in strength and security, in lightness and 
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economy, is so superior to cast iron, and every other material hitherto 
employed. Malleable iron, when properly applied, and in the most 
advantageous form, is three times as strong in its resistance to 
tension as the same weight of cast iron ; and hence it appears that a 
third of the weight of the cast-iron structures might be saved by its 
employment, and in many cases a large portion of the expense. It 
is also more desirable than cast iron on account of its freedom from 
the flaws and cracks which are so frequent in all ciystalline bodies 
when cast in large masses, which are subjected and exposed to un- 
equal contraction in passing from the liquid to the soUd state. Upon 
the danger from this cause we have already enlarged in the section 
on cast-iron beams. 

It would be foreign to our purpose to trace the history of the 
art of bridge-building, or to endeavour to show the manner in which 
each of these primary materials, stone, brick, timber and iron has 
been employed in bridge construction. A very brief sketch of the 
apphcation of iron to this purpose will be more consistent with the 
design of the present work and the limited space at our disposal. 

The use of iron as the principal material in the construction of 
bridges seems to have suggested itself to Mr. Thomas FamoUs 
Pritchard, of Shrewsbury, as early as 1775, and the value of his con- 
ception was practically tested, soon afterwards, by the erection of the 
first cast-iron bridge over the Severn at Coalbrookdale. This under- 
taking, remarkable alike for its boldness of design, and magnitude 
of conception, proved perfectly satisfactory, and reflects the greatest 
credit upon its projectors. The bridge consists of five cast-iron ribs, 
each formed of a nearly semicircular arch of cast iron of 100^ feet 
span and 45 feet rise, — over the crown of which the roadway is 
carried; — ^and of the parts of two other larger arches intercepted 
between the abutments and the roadway; the three arches are 
placed concentrically, and are connected together by radiating struts ; 
they rest upon horizontal base plates, from which rise the vertical 
guides for keeping the arched ribs in position and communicating 
any lateral thrust to the abutments. 

The large arch in the Coalbrookdale bridge was cast in two pieces, 
but in 1790 Mr. Burdon designed a bridge for crossing the Wear at 
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Sunderland, in which the radiating voussoirs of the stone arch were 
imitated by similarly formed perforated blocks of iron. The bridge 
consists of a single arch of 240 feet span, and only 30 feet rise, 
springing from' 70 feet above low water mark, and is composed of six 
cast-iron ribs placed parallel to each other at a distance of 6 feet 
apart. Each of these ribs consists of 105 blocks, formed as above 
described, and united together by wrought-iron arcs fitting in grooves 
and secured by bolts. The ribs are stayed together by diagonal 
bracing, the haunches being filled up by Ught cast-iron circles ; over 
these a wooden framework supports the roadway. The structure is 
of extraordinary lightness, so much so that after having stood the 
test of half a century, it is, we believe, under contemplation to 
strengthen it or replace it by a wider and more substantial structure. 
j It contains 214 tons of cast and 46 tons of wrought iron, was 
' completed in 17/9, and is said to have cost £26,000. 

The success of these early attempts led to the very general 
adoption of iron for bridges, and the numerous examples in every 
part of the country attest the success of the application. For 
railway purposes, especially, and in cases where it is desirable to 
interfere as little as possible with the navigation below, the small 
versed sine or rise of the cast-iron arch offSers great advantages. 
Hence it was that when it was determined to replace the old London 
Bridge, Messrs Telford and Douglas sent in a design for a colossal 
cast-iron bridge of aiw hundred feet span and 65 feet rise; and in 
1802 when the crossing of the Menai Straits first engaged the 
attention of engineers, Mr. Rennie sent in two plans, for cast-iron 
bridges, one of a single arch of 450 feet span, the other of three 
arches of 350 feet span each. The expense (£250,000 to £290,000) 
caused the rejection of these last designs, and Telford's chain sus- 
pension bridge was erected in their stead. 

There appears no reason why the cast-iron arch should not be 
employed in spans of such length, if necessary, although the largest 
cast-iron bridge with which we are acquainted is that of Southwark 
over the Thames. This noble structure consists of three spans, of 
210, 240, 210 feet respectively, the centre arch rising 24 feet and 
the lesser ones 18 feet 10 inches. The roadway 42 feet wide* is 
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supported by 8 cast-iron ribs in each arch, connected by transverse 
and diagonal braces; the spandrils are filled up with diagonal 
framing on which rest cast-iron plates supporting the roadway. 
The bridge over the Neva at St. Petersburgh, although not ap- 
proaching Southwark in extent of span, is in other respects of to 
even more colossal character. It consists of seven arches varying in 
span from 107 to 156 feet ; the width between the outside ribs is 66 
feet, and the extreme length of the bridge between the abutments 
1,078 feet. It is estimated to contain, exclusive of the balustrades 
&c., 6928 tons of cast and 342 tons of wrought iron. This weight 
includes that of the Swivel Bridge on the right bank for the passage 
of ships. 

The cast-iron arch cannot strictly be included in either of the 
classes into which we have divided bridges, inasmuch as whilst firom 
its arched form it partakes of the characteristic of the stone arch in 
deriving its strength firom resistance to compression, yet it also 
approximates in a greater or less degree to the character of the beam, 
in which the lower side of the construction acts as a tie, opposing a 
tensile force to the thrust which in the stone arch is thrown ex- 
clusively upon the abutments. This gives to the cast-iron arch, which 
i& in some degree homogeneous, the combined powers of resistance as 
a beam with those of a stone or brick arch, which are exclusively 
supported by the thrust upon the abutments. 

For short spans up to 80 or 40 feet the arch-form is very generally 
abandoned and horizontal girders employed to carry the roadway ; 
this form of bridge from its simpUcity and level soffit is peculiarly 
adapted for railway purposes, and hence attempts have been made to 
extend it to larger spans by introducing wrought-iron truss rods, 
either embedded in the lower flange of the girder itself or, most 
frequently, attached to projections at the ends of the girder as shown 
in the section on '' trussed girders.'' Some consider these girders as 
safe in spans of 70 feet, but they are open to all the objections we 
have urged against similar beams in buildings and can never be 
depended upon with certainty. The variations of temperature, or 
the passing of heavy loads may at any time alter the relations 
existing between the truss and beam, and render them mutually 

o 2 
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inoperative. To all such combinations of different materials we 
have the most decided objections when a simple homogeneous 
material can be substituted. 

Another method of employing cast-iron in the construction of 
bridges, is that in which the roadway is suspended beneath a large 
cast-iron arch. Mr. Hosking considers this to be " one of the least 
objectionable modes iron can be appUed in construction with reference 
to its liability to expand and contract," and " one of the least ex- 
pensive modes in which the metal can be used for wide spans and 
low headway underneath, whilst it gives a more firm and rigid 
roadway than any mode of suspension from chains has yet been 
made to yield." These views may be considered as those current 
at a time when a more rigid structure was unknown ; but in circum- 
stances in which a ductile material like wrought iron, can be united 
in such forms and combinations as to give the required rigidity, it 
becomes a question of considerable importance, to what extent the 
cast-iron arch is applicable if the width of span and lightness of the 
edifice be a consideration. I apprehend that in such cases the simple 
tubular beam must have a decided preference over the cast-iron arch 
and suspended roadway. 

Wrought iron appears scarcely to have come into use in the 
construction of cast-iron bridges, when its immense superiority in 
certain cases was so conclusively established by the long series of 
experiments which led to the erection of the magnificent structures 
which cross the Conway and Menai Straits. The adoption of 
Holyhead as the port of communication with Dublin, led to the 
commencement of the Chester and Holyhead railway, in the con- 
struction of which an unexampled difficulty presented itself, viz: 
the crossing of the Menai Straits by a bridge of enormous span and 
yet without either narrowing the channel or otherwise interfering 
with the navigation. A suspension bridge was too flexible for 
railway purposes, a cast-iron arch bridge was rejected on account of 
the great diflSculty of erection, and because the curvature of the arch 
at the haunches did not allow sufficient height of waterway, and it 
only remained to devise some entirely new construction with a clear 
horizontal soffit under the bridge. The way in which the difficulty 
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was surmounted will be fresh in the recollection of our readers and 
need not be detailed here. Suffice it to observe that vrrought iron 
was adopted as the material, and tubes through which the trains could 
pass as the form in which the bridge was to be constructed. A long 
series of experiments, part of which we have already given (Part II.)> 
showed that the tubes should be made of rectangular form, and with 
a pecuUar arrangement of the material at the top and bottom in long 
rectangular cells or tubes; — determined the amount of material 
required, and the formula for calculating the strength, and moreover 
proved that the tubes required no auxiliary support. Finally, the 
construction of the tubes having been completed, they were floated 
to their place and triumphantly raised to their present position across 
the Straits. 

The principle of support in these bridges, it will be observed, is 
that of a simple beam or girder, supported by opposing a resist** 
ance to compression above, and to tension below, the neutral axis, 
and resting with a simple vertical pressure upon the abutments. 
The roadway is perfectly level, and as the distance from it to the 
under side or soffit of the bridge is only one or two feet, no other 
form of bridge so httle interferes with the waterway. Its strength is 
uniform, certain, and easily determinable, and its span is practically 
speaking almost unlimited. These advantages have led to the very 
general adoption of tubular and tubular girder bridges, the only 
difference between them being that in the former the roadway or 
railway is carried through the tube itself, whilst in the latter the two 
or more tubes are placed parallel to one another, and the railway or 
roadway carried between them. 

For small spans the tubular form is sometimes abandoned to 
secure simplicity of construction, and the simple plate girder similar 
to those employed in fireproof buildings but of larger size has been 
adopted. As we have already stated, we consider that in spans up 
to 150 feet, although the plate girders are inferior in strength to 
those of the tubular form, yet they are probably more advantageous, 
not only because they are of a more simple form, but because every 
exposed part can be reached for the purpose of painting, an operation^* 
essential to the durabihty of iron structures. 
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Another form called the bowstring Bridge has met with favour 
in some quarters, and is somewhat similar to the arch suspension 
bridge we have already referred to. It consists of a hollow arch 
composed of wrought iron plates riveted to angle irons, for resisting 
compression, and a similar hoDow box below receiving the thrust of 
the arch and acting as a tie ; the arch and horizontal tie are con- 
nected together by vertical and diagonal bracing, and two or three of 
these arches being placed parallel to each other, the railway or road- 
way is carried between them. 

Recently, various modifications of the lattice form have been put 
forward as possesing great superiority over all others, and it may not 
be uninteresting to examine into the grounds upon which these 
assertions are made. We take for illustration the form known as 
Warren's girder, which consists of a line of cast-iron tubes on the top 
to resist compression, and a line of wrought iron flat links or chains 
along the bottom to resist tension. The intermediate space or depth 
of the girder is filled up by a series of struts and ties of cast and 
wrought iron, placed alternately, so as to form with parts of the top 
and bottom a series of equilateral triangles, and connecting the two 
principal parts of the girder. 

As much has been said and considerable pains taken to recommend 
this bridge as superior to others of different construction, it will not 
be unappropriate to examine into the advantages and disadvantages it 
presents, and apply the results to others of equal and some of greater 
merit. It has been urged that this description of bridge is above all 
others the most convenient for exportation, and probably with some 
reason, as it can be erected, marked, and taken to pieces at the manu- 
factory so as to obviate the necessity of sending out skilled workmen 
to put it together. And yet it may be questioned whether its 
numerous parts do not require more careful and accurate fitting 
than the simple riveting of the plates of a tubular bridge, and if it 
be shown to possess comparative weakness and other dangerous 
qualities, no consideration of convenience should induce the selection 
of an imperfect structure. 

The chains, boring, and fitting the struts and ties and other 
objectionable parts of the manufacture must appear obvious when 
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compared with a continuouSy well riveted plate of iron fonning a 
simple homogeneous mass without movement in the joints and of 
miiform strength. If, for example, we take one of the largest and 
most effective bridges of this kind yet constructed, namely that which * 
carries the Great Northern Railway across Newark Dyke, a navigable 
branch of the Trent, we shall have an opportunity of comparing its 
resisting powers with that of a tubular girder bridge of similar 
weight and span, and I make little doubt that the advantages will be 
seen to be in favour of the tubular girder bridge. 

The Newark Dyke bridge is composed of four Warren's girders of 
240 feet 6 inches span, 17 feet deep, and supported on eight cast 
iron triangular frames resting on the piers or abutments on either 
side of the river. The top of each girder consists of a cast-iron tube, 
fig. 73, varying in diameter from 13^ inches at the ends to 18 
inches at the centre. The bottom consists 
of a chain of wrought-iron links, 18 feet 
6 inches in length from centre to centre of 
the holes, and 9 inches deep. The chain p. ^^ 

near the ends consists of 4 links 1 inch in 

thickness — and at the centre of 14 links ^ inch in thickness, the 
intermediate portions being graduated accordingly. At the ends 
the links are 16^ inches wide to receive the joint pin, 5^ inches in 
diameter. The chain is connected with the cast-iron tube by 
diagonal ties a, a, fig. 74, formed of links similarly to the chain, and 
simOarly varied in strength. The end diagonal tie is composed of 
4 links of an aggregate area of 32*6 inches, and the centre one of 2 
links of 13*5 inches area. The diagonal struts b, 3, alternating with 
the ties are of cast iron, cast in the form of a jaw at top to embrace 
the tube, and bored both at top and bottom for the reception of a 
joint pin 5^ inches in diameter. The girders are kept in position by 
horizontal bracing at top and bottom consisting of a cast-iron tube 
connecting the opposite joints of each girder, and diagonal ties of 
wrought iron extending from each joint of either girder to the next 
in front of the other. 

The weight of iron in the two girders forming one half the bridge 
is 138 tons 5 cwt of cast, and 106 tons 6 cwt of wrought; that is, the 
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weight of iron in the four girders forming a bridge for two lines of 
railway is 489 tons : to this must be added the weight of platform, 
handrails &c., 100 tons, making a total of 589 tons. 




Fig. 74. 



We have for calculation, therefore, the following dimensions : — 

Length of span . . . 240 feet 6 inches = 2886 inches. 
Depth of girder . .17 feet = 204 inches. 
Area of top in middle . . 142 square inches, cast iron. 
Area of bottom in middle . 110 square inches, wrought iron. 

Now if we assume that the strengths of the top and bottom are ^ 
properly proportioned, we may apply the formula for beams on the 
tubular principle, in order to obtain an approximation to the strength 
of the girder ; by formula j. - / -. ^ ^, ^ ^' '' c^' 



110x204x80 



2886 



=622 tons,^ 



* Taking into account the greatly increased deflection of this description of 
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the breaking weight of each girder at the centre. Now as there are 
foiir girders, the breaking weight of the bridge at the centre would 
be 2488 tons, on the assumption that the diagonal struts and ties 
connected the top and bottom together as rigidly as the plates and 
T iron in a tubular bridge. From this should be deducted half the 
permanent load or weight of the bridge, leaving 2194 as the actual 
weight, which placed at the centre would break the bridge. This 
result is too high for a bridge of this construction, and it would 
require a series of carefully conducted experiments to determine the 
exact law they follow. 

Now a tubular girder bridge of 240 feet 6 inches span sufficient 
to carry a double Une of railway, and such as would require 2880 
tons equally distributed or 12 tons per foot run to break it, would be 
within the Umits of 400 tons weight or 189 less than the Newark 
Dyke bridge ; and although its strength is far less than that given 
by the formula for the latter, yet it is amply sufficient for the 
purpose. 

There is however one point which would seem to indicate that the 
formula for tubular beams gives much too high a strength for the 
Warren girder, and that is the large deflection of this construction. 
With a load of 240 tons equally distributed over the bridge the 
deflection at the centre was 2f inches. Two heavy goods engines 
caused a deflection of 2^ inches, and five of the heaviest class engines 
on the Great Northern produced a deflection of 2^ inches. These 
experiments strikingly exhibit the weakness of this form of girder ; 
in one on the tubular principle with soUd sides the deflection upon 
the same span would not exceed f of an inch. The large deflection 
which is observable in all girders with open sides, indicating a want 
of rigidity and union between the parts, is a very objectionable feature 
and shows the great superiority of the tubular girder. 

Irrespective of the weakness of the Warren girder, it is precarious, 
from the fact that the failure of one strut or tie would endanger the 

girder as compared with that of the tubular girder, it is more than probable that 
30 as a constant would more accurately represent the strength of the girder than 
80 as given above. In this case W = 233 tons, only, a very different view of the 
advantage of this form of girder. 
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whole structure, and hence, any accident such as a train getting off 
the line might bring down the entire bridge. Altogether we consider 
that there are dangerous elements of weakness in this bridge unless 
the number of struts and ties be increased, which would make it 
correspond with the lattice bridge. And if the number were 
increased still further we should arrive at a close approximation 
to the tubular girder with solid sides. 

During the month of October, 1850, W. B. Blood, Esq. kindly 
sent me a mathematical analysis of the elements of strength in a 
Warren bridge, of which the following is an abstract. 

" Calculation of strain on Captain Warrens patent girder under 
load at centre of 250 tons, and uniform load of 500 tons. Span 80 
feet. 




Kg. 76. 

'^ I assume from the tracing that the span of 80 feet is divided into 
13 equal spaces, forming equilateral triangles. This gives each side 
of the triangle 615 feet, and the depth of the girder 633 feet. 

Let / = 80. 
d = 5-33. 
X = 615. 

V) = Total load 250 or 500 tons, as the case may be. 
S = Horizontal strain at centre. 
2 = Strain on a diagonal or lattice bar. 

•' First with load of 250 tons on centre, not taking into calculation 
the weight of the girder itself, 

4<^ 4x5*88 
S = ?5 = ^^ = 144 tons. ^, -*^^ 

2d 2x5*83 C 

" This is uniform throughout the whole length, being alternately 
compression and tension on the alternate bars. 
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" Second with uniform load of 500 tons, 

«=f3 = ^^ = »««'»■»• 
''The horizontal strain at any point is given by the fonnnla 
S = 2^ (tr—j/); r being distance of point from the abutment. 
''The strain on the diagonals is expressed by the formula, 

" K the uniform load is all laid along the top of the girder, y in 
the formula is the distance of the foot of the lattice bar from the 
centre of the girder. If the load is laid along the bottom, y is the 
distance of the top of lattice bar from the centre of the girder. K 
the load is half on the top and half on the bottom of the girder, y is 
the distance of the middle point of lattice bar from the centre of the 
girder. 

" In this case we may consider the load as all on the top, which is 
the most favourable case for the girder. 

" The bar marked a is under the greatest tension ; for this bar y 
= 33-82 and 

_ 600 X 616 X 83-82 c^... 
^= 80x5-33 =244 tons. 

" K the weight were attached along the bottom, y would be 36*0 

and 

- 600 X 6-15 X 36-9 ^ «« + ^«„ 
^= 80x6-33 =266 tons. 

" I cannot make out the sectional area exactly, but I take the area 
of the bottom tie to be about 36 inches ; and of the top and diago- 
nals about 30 inches, or rather less. 

" These would give with 500 tons uniform load on the top 

32 tons per square inch compression of top. 
26 „ „ tension of bottom. 

8*2 „ „ tension of lattice bar a. 

and with the load on the bottom nearly 9 tons p^r square inch, on 
lattice bar a. 

" 26 tons is too high for wrought iron, and according to Hodg- 
kinson's experiments, the tensile strength of cast iron should not be 
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assumed much over 6 tons per square inch, so that a unifonn load on 
top of about 370 tons would break the bar a. My sectional areas 
however may not be correct. The use of cast iron as a tie is I think 
strongly to be condemned, and can only be considered safe where 
much superabundant strength is given, as the effect of vibration when 
under severe tension cannot be calculated. I apprehend the flanges 
at the points of connection with the top, will be apt to crack off with 
the working caused by deflection. 

" It appears to me to be a most dangerous structure, and I hope 
the Government Inspector will not pass it." 

From the above it will be seen that Mr. Blood does not arrive at 
conclusions favourable to the Warren girder, although some of the 
defects he notices have been remedied in the larger example at 
Newark Dyke. 

It will not be necessary to enter largely into the strength and 
other properties of the lattice bridge ; we have already given it as 
our opinion that it is inferior in strength and power of resisting the 
violent vibratory action of a passing train, to the more solid struc- 
tures of the plate and tubular girders. It is an improvement upon 
Captain Warren's more open structure, but it inherits, and that only 
in a less degree, the defects of that construction. In this bridge as 
in Warren's, there is no protection for carriages and engines running 
off the line, as the lattice bars connected by one or more rivets are 
exceedingly weak and fragile \ but in the tubular girder bridge with 
double sides, the chance of serious accident from this cause, is small, 
as the whole bulk of the bridge is opposed to the shock of the 
engine. 

Tubular and Ikbular girier Bridges. 

K the reader wiU turn back to Part II., on Wrought-Iron Beams, 
he will find detailed the principal part of the experiments which 
determined the form and proportions in which wrought iron should 
be combined so as most effectively to resist a transverse strain. These 
experiments conclusively showed : — 

1st. That the rectangular form of section was stronger than either 
the elliptical or circular. 
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Fig. 76. 



2nd. That wrought-iron plates possessed very inferior powers of 
resistance to flexure in the direction of their thickness, and hence 
that to secure uniformity of strength in a simple rectangular girder, 
the top is required to be about twice the sectional area of the bottom. 

This weakness in the top of the tubes was the great difficulty 
which had to be surmounted in the experiments which led to the 
construction of tubular bridges. In these experiments the plates 
doubled up, or buckled, long before the entire compressive strength 
of the iron was called into operation. To obviate this difficulty, 
the experiments suggested the construction of cells or 
tubular corrugations extending longitudinally along the 
upper side of the tube. Such a tube having been made 
of the section shown in fig. 76, and having loaded it with 
increasing weights it ultimately gave way by tearing the 
sides from the top and bottom at nearly the same instant 
of time after the last weight 22,469 lbs. was laid on. 
The puckering of the top had been completely prevented and greatly 
increased strength was the result.* 

It is from this period we may date the disappearance of almost 
every difficulty respecting the con- 
struction of tubular and tubular 
girder bridges. The powerful resist- 
ance offered to compression by the 
cellular form of the top, as exhibited 
in this experiment, at once decided 
in my mind the form to be adopted 
for the large tubes which now span 
the Conway and the Menai Straits, 
and from this time forward I had no 
doubts as to the complete success of 
the undertaking. 

After this, the form of the Bri- 
tannia bridge having been determined Fig. 77. 
on, a tube was constructed on this principle, but in place of the 




♦ This experiment is given in Part II., Experiment XXIX. 
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corrugated top as exhibited in the last figure, rectangular cell& were 
adopted as shown in fig. 77, the intended section of the model tube 
one-sixth the size of one span of the Britannia bridge. The experi- 
ments on this tube bear directly on the strength of tubular bridges, 
and we therefore deem it necessaiy to give an abstract of the results.* 
Dinie9ision8.'—/£otsl length of tube, 78 feet. Breadth, 2 feet 11 
inches. Depth, 4 feet 6 inches. Length between supports, 75 feet. 



Thickness of bottom plates 
„ side „ 

upper top „ 
„ lower top „ 

„ division „ 

Area of the top . . . 
„ bottom . 

sides . . . 



= 0180 inch. 
= 0099 „ 

= 0-147 „ 

= 24024 „ 
= 8-800 „ 
= 9000 „ 



Weight of tube = 10,88894 lbs. 

Experiment I. — ^Broke after sustaining the load a minute and a 

half, the bottom plate tearing asunder 2 feet from the centre of the 

shackle: 

Breaking weight, 79,578 lbs. 

Ultimate deflection, 4*5 inches. 

In this experiment it will be observed the area of the top was three 
times that of the bottom, and as might have been expected it gave 
way at the latter part. It was immediately repaired and the bottom 
strengthened by two additional plates each 6^ x j^ inches in section, 
so that the area of the bottom was now 12*8 inches. 

Experiment II. — Gave way at one end by twisting out of the 

perpendicular. 

Breaking weight, 97,102 lbs. 

In this experiment, the tube failed from want of stiffness in the 
sides. It was therefore repaired and strengthened by the introduction 



* For a detailed account, see my work ou tlie Britannia and Conway Bridges, 
pp. 251 ef seq,, and plates zy. to xx. 
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of vertical bars of 1^ inch angle iron riveted to the sides internally 
at every two feet. A St. Andrew's Cross was also inserted at 
each end. 

Experiment III. — ^Broke, the plates tearing asunder a few inches 
from the bottom, with 126,128 lbs. 

Ultimate deflection, 5*79 inches. 

The tube was again repaired and two stronger slips riveted along 
the bottom, 20 feet on each side of the centre, in order to enlarge 
the sectional area of the middle and to force the top to yield to 
compression ; these strips were 9 inches wide and half an inch thick, 
which increased the area of the bottom to 17*8 inches. 

Experiment IV. — ^Broke with 148,129 lbs. the bottom tearing 
through the solid plates. The sides were also damaged. On ex- 
amination the 9 inch strips were found to be defective having more 
the appearance of cast than wrought iron. 

Ultimate deflection, 4*94 inches. 

The fractured parts were cut out and replaced by stronger and 
better plates, and as the top cells and plates were considerably 
damaged, they were straightened, and in some cases the injured parts 
renewed. An entirely new bottom extending 20 feet on each side of 
the shackle was introduced, composed of double plates one-fourth of 
an inch thick, with two strips along the middle as before ; by these 
the area was increased to 22*45 inches in the middle. 

Experiment V. — ^Not broken with 129,007 lbs. 

This experiment was discontinued in order to ascertain the lateral 
strength of the tube, and set at rest the question as to the efiect of 
violent winds upon the bridge. It was accordingly laid upon its 
side and the weights suspended by a shackle as before. 

Experiment VI. — ^A weight of 26,781 lbs. was laid on and left 
for some hours, during which the deflexion increased from 2'56 to 2*5 
inches. On relieving the tube of its load, the permanent set was 
found to be only one-tenth of an inch. 

Having attained satisfactory results as to the lateral strength of 
the tube, it was restored to its vertical position and again loaded. 
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Experiment VIL — A load of 135,255 lbs. was left suspended 
upon the tube for nine days and nights in order to ascertain the 
effects of long continued strain. During this period the deflection 
increased from 3'17 to 3*22 inches. 

The loading was then continued and the tube gave way with 
154,452 lbs. by tearing asunder through the end of new plates, 
21 feet 6 inches from the shackle. Area of bottom at point of 
fracture 8 8 inches. 

Ultimate deflection, 3*86 inches. 

In this experiment the tube gave way from a want of due pro- 
portion in the material of the bottom. The tube was repaired and 
additional plates were added, extending a few feet nearer the supports 
on each side of the centre of the tube. 

Experiment VIII.— Broke with 192,892 lbs. = 86i tons, the 
cellular top puckering at a distance of 2 feet from the shackle, the 
bottom and sides remaining uninjured. 

Ultimate deflection, 4 89 inches. 

This experiment determined the relative proportions of the top and 
bottom areas of the tube so as to balance the forces of extension and 
compression developed by a transverse strain, and furnished other 
data necessary for the construction of a tube having a maximum 
strength with a given quantity of material. Hitherto the top had 
always had considerably more strength than the bottom, now both 
were of about uniform strength, the ratio of the areas of the top and 
bottom being as 24 : 22 or 12 : 11. 

Now if we calculate the value of C, in this experiment, and compare 
it with the former experiments, we shall find that 

For the cylindrical tubes, it = 1303 tons. 
For the elliptical tubes . = 15 3 „ 
For the rectangular tubes . = 215 „ 
For the model tube . . = 24*4 „ 

This increase of strength as indicated in the experiments on the 
model tube was evidently due to the cellular construction of the top. 
In the rectangular tubes the difficulty had been the small resistance 
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oflTered to flexure by thin plates in the direction of their thickness ; 
this was overcome by placing the plates in the direction in which 
they offered a maximum resistance to flexure, viz., horizontally, to 
prevent lateral buckling by compression, vertically, to prevent similar 
injury in that direction ; and again, by the use of angle irons securely 
riveted to the plates, the whole of that part was made perfectly 
rigid and secure from flexure and from the tendency to ^^pucker^ 
which was always present in the former experiments with the 
solid top. 

To determine the best/oTvw for the cells, Mr. Hodgkinson made 
some elaborate and carefully conducted experiments, some of which 
are here inserted, as still further illustrating the necessity of the 
cellular formation in any construction where the tops of wrought-iron 
girders are subjected to severe compressive strain. 



Table I. 

Experiments made to determine the resistance of plates {or bars) of wrought 
iron to a force of compression ; the plates being placed in a vertical 
position^ with their ends made perfectly flat, so as to be well bedded 
against two pa/rallel and horizontal crushing surfaces. 



Vertical 
length 
of plate. 


Lateral 

dimensionB 

of plate. 


Area 
of plate. 


Breaking 
weight. 


Weight per 

square indi of 

section borne by 

plate at time 

offraetnre. 


ft. in. 
10 

10 

10 

10 

6 

7i 


incbes. 
2-98 X -503 

301 X -766 

2-99 X -995 

3-00x1-51 

2-98 X -507 

1-023x1023 


sq. in. 

2-306 

2-975 

4-53 

1-511 

10465 


lbs. 
1,222 

7,793 
12,735 
46,050 

8,469 
50,946 


• 
tons. 
■364! 

1-508 

1-911 

4-538 

2-602 

21-733 



The above experiments, it will be seen, give very remarkable results ; 
the crushing strength of the same plates varies from 0*364 to 2r733 
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tons per square inch, according as the breadth, length, and thickness 
of the plates are altered. Mr. Hodgkinson derives from thein the 
following laws: — 

1st. The breaking weight is nearly inversely proportional to the 
square of the length. 

2nd. The breaking weight varies as the cube of the thickness. 

3rd. The breaking weight varies directly as the width. 

In the following table " the lateral dimensions of the cells are so 
large that, with a length of 10 feet, the pillars were not destroyed by 
flexure, but by absolute buckling or crushing." 



Table II. 

Resistance of Rectangular Tvibes, all 10 feet longy to a force of compression 
in the direction of their length. 



Extennl 

dimensioDB 

oftabe. 


ThiekneM 
of pistes 
oftnbe. 


WMght with 
whiehbndkling 

andaUtionws* 
ohMrred. 


Weight of 

greatest 

resistanoe. 


Form of 

section of 

tnbe. 


Area of 

section of 

tnbe. 


Woght per 

square inch of 

greatest 

tesistsaee. 


inches. 

41x41 

41x41 

4-25 X 4-26 

4-25 X 4-25 


incb. 

•08 

•06 

•088 

•184 


lbs. 

29,290 
46,814 


lbs. 

5,684 

19,646 

87,854 

61,690 


f — 1 


inches. 

•604 
10200 
1484 
2-3947 


tons. 
4-902 
85986 
11287 
9-686 


8175 X 4-1 
8-5 X 4-76 


•061 
. ^264 


18,209 


28,289 
197,168 






1-682 
7-326 


6786 
12^016 






8-4 X 4-25 


•26 & 126 


99,916? 1 


206,671 •) 
:=92-2 »«m} 


L_} 


6-89i>eari7 


188846 


81x41 

8ix4i 


•059 
i nearly 


87,401 


48,678 






1-886 
8-8466 { 


0877 

(Hot emshed with 

ll^ia tons.) 






81x81 
8-87 X 8-37 
8-5 X 8-375 

8-5 X 8-4 


•06ne»rly 
•189 
•2191 
•245 & -238 


16,897 
82,476 


27,646 
100,895 
198,966 






2-070 
4-9262 
7^7867 
8-4665 { 


6926 

9098 

1148 
(Not emshed wHh 
11-016 tonsL) 






81 X 8-1 


•0637 
n 


56,630 
46,635 


70,070 
82,027 






*-m 


3-561 

» 


8-809 
10-812 
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Table III. 

JReiistance ofCiretdar Tvibes^ ali 10 feet hng, to a force of compreision 
in the direction of their length. 



No. 
oftabe. 


Bztemal 

diameter 

QfthetabA. 


Inteinal 
ofthetabe. 


TUekneMof 
ofthetabe. 


Wd^tof 

gieatert 

redrtanoe. 


Am of 
■ection 
oftabe. 


Weight of 

greatest 

reaistanoe 

per square 

inch. 




inches. 


indhei. 


indiee. 


lbs. 


inehea. 


tons. 


1 


1-496 


1-292 


... 


6,514 


•4443 


6-55 


2 


1-96* 


1-756 


... 


14,158 


•6104 


10-85 


8 


2-49 


2-275 


... 


28,968 


•8045 


13-29 


4 


2-36 


1-865 




34,616 


1606 


9-60 


6 


2-34 


1-91 


•216 


81,828 


14358 


9-901 


6 


2-995 


2-693 


... 


87,856 


1-849 


12-862 


7 


4-05 


8-772 




47,212 


1-7078 


12-84 


8 


406 


3-75 


*150M«ly 


49,900 


1-9016 


11-71 


9 


6-366 


6106 


•1298 


91,402 


2-647 


16-021 


10 


6-187 


... 


•0939 


60,075 


1-799 


14-908 



From tbe above it will be seen that it is essential to have the 
thickness of the plates duly proportioned to the size of the cells ; 
and that doubling the thickness of the plates (other things being the 
same) is far from giving double the strength per square inch of the 
section. It is also evident that the strength of the square and rec- 
tangular tubes decreases as the size of the cells is increased ; that the 
rectangular form, | | , is the weakest, the strength of which being 
nearly doubled by the addition of a division across the centre, 
thus, I ) I ; and that the circular form is the strongest of all. The 
rupture of the small cylindrical tubes was, doubtless, partly due to 
the flexure which they underwent, so that small and large cylinders 
cannot be expected to follow the same law of resistance to a force of 
compression. 

On this question Mr. Tate, however, has shown that, as forming the 

p2 
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top of a tubular bridge, the square form is theoretically stronger than 
the circular, and comparing this result with that of Mr. Hodgkinson's 
experiments he makes the following observations : — " The cells in a 
transverse strain undergo a diflFerent kind of strain to what they are 
subjected to in a simple crmhiiig force, equally distributed over the 
section of the tube. In this case, all the parts of the section are 
equally compressed, and it is reasonable to conclude that the best 
form of the cell will be that in which the material is equally distant 
from the axis of pressure ; but the case of transverse strain is very 
different ; the upper edge undergoes the greatest strain, and, of the 
other parts, that which is nearest the neutral axis of the beam imder- 
goes the least : in this case, therefore, the material in the square cells 
is symmetrically distributed with respect to the axis of pressures 
— the neutral axis of the beam/* * It is further to be observed, that 
in the cells of tubular bridges an approximation is made to the 
circular form by the introduction of angle irons at the comers, which, 
without altering the symmetrical arrangement of the material with 
respect to the neutral axis, nevertheless strengthen the square cells at 
their weakest parts. 

The following experiment upon a cell of the same dimensions as 
those in the Conway and Britannia bridges will be of interest. The 
tube was 18 inches square, 8 feet long, and composed of plates half 
an inch thick, riveted to angle irons at each comer. It was crushed 
by an hydraulic press of the best construction, the use of which was 
kindly offered by Messrs. Benjamin Hick and Co. of Bolton. 

Sectional area of the cell = 50 inches. 

The following table exhibits the pressure and flexure of the tube 
under the influence of the force applied : — 

* Strength of Materials, p. 76. 
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No. of 
Bzperi- 
ment. 


Pn«are 

in 

tons. 


Flernn 

on 
Bide A. 


Fleznie 

on 
■ideB. 


Compiei- 
sionfrom 
force ap- 
pUedin 
inches. 


BUUEU. 


1 


115 








Tbe discrepsneies exhibited on the sides vere in s 


2 


165 


•25 


•20 


•000 


great messnre occasioned by the "buckling" of 
the plates, vhioh prodaoed contortions of the 


8 


215 


•25 


•48 


•000 


soifoce. 


4 


265 


•25 


•70 


•000 




5 


815 


•26 


•70 


•025 




6 


365 


■25 


1-20 


•032 




7 


415 


•25 


•95 


•032 




8 


465 


•25 


•70 


•030 




9 


515 


•50 


•95 


•042 




10 


565 


•75 


•95 


•061 




11 


615 


•75 


1-75 


•063 




12 


665 


100 


... 


•160 


/ A short time before the vhole amoont of pressare 


13 


690 


... 


... 


... 


1 ing to the stnun. It oltimately became dis- 
' torted hj the puckering of three of the side& 



Taking 680 tons as the crushing force, we have the resistance of 
compression per square inch = ^^ = 13'6 tons. 

Epom these facts it would appear that the cellular system, when 
applied to the upper side of wrought-iron beams subjected to trans- 
verse strain, is the only true principle on which to obtain the greatest 
power of resistance to compression with the least quantity of material. 
And this is the more strikingly apparent from the experiments on 
various kinds of hollow beams, which elicited the principles on which 
the tubular system is founded. On comparing such natm'al objects 
as combine strength with lightness^ they will be found to embody this 
principle in a greater or lesser degree ; the hollow bones of birds, 
for instance, and the stems of grasses, grain, and bamboo's, are so 
formed, and in order to fulfil the designs of the great Architect of 
nature, follow the same unerring laws as have been illustrated in the 
construction of the Conway and Britannia bridges. Indeed all bones 
when examined miscroscopically are found to be composed of minute 
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cells adding greatly to the strength and lightness of the structure, 
and exhibiting a conformation of wonderful adaptation to the work 
they have to perform. 

As an illustration we have only to refer to the annexed sketch, 
figs. 78, 79, of how Nature works in supplying defects, whether 





Fig. 78. 



Fig. 79. 



natural or accidental, in giving the required stability to all her 
structures where strength is required. This evidently is the case 
from the appearance of the two longitudinal sections of thigh bones 
taken from a ricketty subject, where distortion had taken place. 
In this case it will be observed that, in order to compensate for the 
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bent form or curvature of the bone (which in a more healthy state, 
to act as a pillar, would have been nearly straight), the whole of the 
porous or cellular interior is incased in a thin shell or tube of hard 
bony substance, as dense and compact as the finest ivory. Had the 
subject been healthy and the limb straight, the envelope of ivory 
would have been thin, and something like the form shown si a a; 
but owing to the curvature, and in order to compensate for that 
defective form in its resistance to vertical pressure. Nature, in her 
workings, supplies the deficiency by filling up the concave side with 
a thicker stratum of hard bone, and a proportionate thinner stratum 
on the convex side, to make up for the loss of strength arising from 
the curvature of the pillar, as shown at b b. It is thus that the 
great Mechanician of Nature works, and it is thus that we should 
follow the dictates of an nnerring power, from which we cannot 
deviate without incurring the risk of failure in all the modifications 
of constructive art.* 

On the subject of wrought-iron bridges it is to be observed, that 
notwithstanding the advantages peculiar to the use of cells in the 
construction of beams or bridges of large dimensions, in practice it 
is found necessary to confine that form to bridges of wide span or 
where the width exceeds 100 or 150 feet; within these limits the 
same objects are most economically obtained by the use of thicker 
plates and an increase of weight. The cells in this case are 
abandoned, not in order to obtain strength, but to obviate diffi- 
culties in the construction, and other objections to their use, such 
as their small size, and the impossibility of cleaning, painting, &c., 
to prevent oxidation. Under other circumstances, and where the 
span exceeds 100 to 150 feet, the cellular construction is highly 
important ; and indeed, with large spans, becomes indispensable for 
securing lightness, combined with strength and economy in the use 
of the material. 

TAe Bottom, In the formation of the bottom of a tubular 
girder, whether composed of cells, as in the Britannia and Conway 

• See Mr. Fairbaim's description of the Tubular Crane. — Transactions of the 
British Association for the Advancement of Science, Sections in Eeport, 1860, 
p. 177. 
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bridges, or of double plates, as in smaller examples, it is of im- 
portance to have as few joints as possible. Hence the plates should 
be rolled as long as their weight and thickness will allow, and the 
joints be carefully united by covering plates, chain-riveted, as shown 
in the annexed sketch, fig. 80, with three or more rows of rivets, 
according to the width of the plates. Eight rivets are required in 
each of the lines, four on each side of the joint, to give sufficient 
strength, and the area of the rivets collectively should be equal to 
the area of the jointed plates, taken transversely through one line 
of the rivets, the area of the parts punched out in that line being de- 
ducted. These propor- 
tions give the required 
security to the joint, 
and afibrd nearly the 
same strength to a ten- 
sile strain as the solid 
plate; that is, if the 
covering plates be as 
much thicker as will 
give the same area of section through the rivet holes as the imper- 
forated double plate. These precautions being taken in covering 
the joints of the plates and in securing the angle irons which unite 
the sides with the bottom, it will meet in practice all the require- 
ments of a uniform power of resistance to strain from one end of the 
girder to the other. 

In a long experimental inquiry which I undertook some years 
since, it was shown that there was a loss in the riveted joint, as 
compared with the soUd plate, of 80 to 50 per cent. ; that is, taking 
the strength of the solid plate at 100, that of the double-riveted 
joint would be 70, and that of the single-riveted joint 50. 

This great deficiency in the strength of joints subjected to a trans- 
verse strain, caused considerable difficulty in designing the Britannia 
and Conway bridges; double, treble, and quadruple riveting was 
thought of ; but one after another was abandoned, on account of the 
rivet holes weakening the plates ; and I should almost have despaired 
of attaining the object in view, but for the system of longitudinal or 



Fig. 80. 
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chain riveting, having occurred to me, after repeated trials of other 
modes and forms. Experiment, however, established the perfect 
security of this method, as the followmg tables clearly demonstrate. 
Two distinct methods were tried, one with a single thickness of plates, 
the joint having a covering strip on each side ; the other with two 
thicknesses of plate, there being a joint in one of them covered by a 
plate, and kept in position by a line of rivets as already described. 
The jointed plates having been prepared, the experiments were eflfected 
by a powerful lever, tearing the joints and plates asunder in the 
direction of the line of rivets. 

Chain-Bivetinff. Single Plates^ with double Covers over the Joint. 

Area of section through solid plate 3'5 x -25 = 875 sq. in. 
Area of the covering plates . . . 35 x -26 = '910 „ 
Area of section through rivet hole 3*0 x 25 = '750 „ 
Diameter of the rivets, each ^-inch, four on each side of the joint. 



No. of 
Experi- 
ment. 


in 


Blongation 

in 

inches. 


Rbmarks. 


1 


5,600 


... 


Weight of the lever. 


2 


26,656 


... 




8 


28,448 


... 




4 
6 


80,240 
82,032 


•021 
'034 


^ r\ r\ r\ r\...r\...r\ r\ — r\^ 


m\wmlm\\\\\^'\\\\\m^^^^^ 


^-T37 — c? — c? — o — or — V7-C7 — ^:;t' 


6 


33,824 


•034 


• 


7 


35,626 


•044 




8 


37,418 


•052 




9 
10 


39,210 
41,002 


•056 


f Tom asQiider through a rivet hole after snstainiDg the load a 
I few seoonds. 



K we take the area of the plate at the point of fracture = '750 
inch, it will be found that it required a power of 24'41 or nearly 24^ 
tons per square inch to tear it asunder. 
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Chain-Bivetin^, Double Plates and a single Cover over the Joint. 

Area of section through plates 2 x -875 = 1-760 sq. in. 
Area of section through rivet holes . . = 16 „ 

Area of covering plate through rivet hole = 0-91 „ 
Rivets as before, ^inch diameter. 



Ho. of 
Bxperi- 
ment. 


Weight 
in 
lbs. 


Ehmgation 

in 

inohes. 




1 


6,600 


**• 


Wdght of lever. 


2 


26,656 


•016 




,3 


37,408 


•025 


r—^:* — <:^ — ^=> — <^ — ^^ — 1=^ ^^ ^>- 


4 
6 


46,368 
65,328 


•028 
•075 


$S!:M<^m^<^^:.^ '^J:::^^:^(r(r(:(try(.^^^ 


6 


62,496 


•100 




7 


69,664 


... 


Broke by shearing off the rivets close to the plate. 



From the above experiment, it appears that fracture took place 
through the solid plate on one side, and by shearing off the rivets on 
the other. Hence the area of section of fracture = '875 + -785 
= 166 inches, and, proceeding as before, we have 18'73 tons per 
square inch as the breaking weight. 

Pindmg the resisting powers of the rivets unequal to the strength 
of the double plates, they were afterwards increased from half an inch 
to five-eighths of an inch in diameter, or until the area of the rivets 
approached nearly to the area of the plates, which gave the required 
strength. In joints of this description it will be found that the 
resisting powers of the rivets is nearly equal to that of the plates, i,e. 
the resisting power of the rivet is to that of the plates as their 
sectional areas respectively. This is in agreement with the following 
laws, which have been deduced from experiment: (1st) that the 
ultimate resistance to shearing, in any bolt or rivet, is proportional to 
the sectional area of the bar torn asunder ; and (2nd) that the ultimate 
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resistance .of any bar to a shearing strain is nearly the same as the 
ultimate resistance of the same bar to a direct longitudinal tensile 
strain. 

The Sides. It has been argued by some that the sides of a tubular 
girder, or the rib of a cast-iron beam, have no other office to perform 
than to retain the top and bottom of the girder in position, and that 
they add nothing to its strength. Hence, also, they have contended 
for the use of open lattice-work, as sufficiently rigid to maintain the 
required connection between the top and bottom flanches. Now, I 
think it can be shown that the sides of either plate or tubular girders 
have a much more important office to perform : that they not only 
maintain the top and bottom flanches in their relative positions, but 
they contribute largely to the strength of tlie beam, and from them 
mainly arises the vertical 
rigidity of the structure. 
The sides of a tubular 
girder, when securely 
riveted to double T-iron, 
as in bridges of large span, 
fig. 81, or with a T-iron 
inside and a covering 
strip outside, as in bridges 
of smaller span, fig. 82, 
are not only calculated to 
retain the top and bottom in their places, but by interposing at dis- 
tances of every two or three feet, a rigid prop or pillar is introduced 
to maintain form and to 



distribute the strain upon 
the top and bottom of the 
girder. The whole of the 
sides, therefore, above and 
below the neutral axis, 
assist, in the ratio of their 
sections and of their dis- 
tance firom the neutral axis, to resist tension on the one hand, and 
compression on the other. These results are deduced from experi- 




Fig. 81. 




Fig. 82. 
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ment ; but taking the lattice, or Warner, or any other girder with 
open sides, it will be found that the whole of the strain is upon 
the top and bottom, whilst the sides are more or less inadequate 
for the purpose of maintaining the proper distance between the two 
extreme lines of tension and compression, and consequently there 
is a greatly increased deflection from the same weight. The lattice 
bridge was a very imperfect structure when first introduced into 
this country, and it has only attained to its present condition since 
the true principles of construction have been developed by the 
experiments on the great tubular bridges of North Wales. Even 
now it is questionable whether it is equal in its powers of resistance 
to the tubular girder or the solid plate beam. It is decidedly inferior 
in stiffness or resistance to flexure, and, from the observed increase of 
its deflection under strain, it is evidently weaker than the solid girder 
with plate sides. 

Every structure having for its object public convenience . and the 
support of a public thoroughfare, should possess within itself the 
elements of an undeniable security. Bridges and viaducts should 
especially contain those elements, as they are peculiarly liable to 
accident, and from whatever cause such accident may arise, the 
community must be equally interested in the strength and dura- 
bility of the structure. In the introduction of a new system of con- 
struction, comprising the use of new and comparatively untried 
materials, it behoves the projector, on public grounds, to be careful 
and attentive to the most minute circumstances directly or indi- 
rectly affecting the security of the bridge. In those of the tubular 
construction, considerations of this kind are of primary importance, 
as much depends, not only upon the principle of construction, but 
upon the quality of the material employed, and of the workman- 
ship introduced, which in every case should be of the very best 
description. 

In the construction of tubular bridges I have endeavoured to 
apply these principles ; and having a strong conviction of their 
great superiority in strength, durability, and cheapnqgs, I have not 
hesitated to advocate their employment and extended application 
under every circumstance where great strength and lightness is 
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required. It however becomes necessary from time to time to 
submit them to a rigid examination, and, before opening such 
bridges as public thoroughfares, it is essential to subject them 
to severe and satisfactory tests. These tests and examinations 
have been various and frequent, and it may safely be affirmed that 
in no case, where tubular bridges have been duly proportioned and 
well executed, has there been the least reason to doubt their 
security. 

It has already been determined by experiment, that in order to 
balance the two resisting forces of tension and compression in a 
wrought-iron tubular girder, having a cellular top, that the sectional 
area of the bottom should be, to the sectional area of the top, as 
11 : 12 ; which being the correct relative proportion, it then follows 
that any increase to the one without a proportionate addition to the 
other, will involve a useless waste of material, inasmuch as increased 
weight is given to the girder by the introduction of material which 
in this instance is almost entirely unproductive. This being the case, 
it is of importance to preserve, as nearly as possible, the correct 
relative proportion of the parts, in order to ensure the maximum of 
strength in the two resisting forces of tension and compression — an 
arrangement essentially important in these structures, and also in the 
application of the formula to determine the ultimate strength of the 
bridge. If, for example, an excess was given to the bottom of a 
girder, the formula 

W- — 

would not apply, as the top and bottom areas would be dispropor- 
tionate to one another, and that in excess would have to be reduced 
to the due proportion of 11 : 12 ; or, in other words, the additional 
strength must be omitted from the calculation in computing the 
strength of the bridge. The same reasoning is in operation where the 
excess of area happens to be in the cellular top, although in this case 

the formula W ^ ^^ applies, as the excess cannot be considered in 

the calculation of the strength of the girder. 

Assuming, however, that these proportions are maintained, the 
above formula furnishes a correct principle on which to estimate the 
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fltrengtli of wrought-iron tubes of this description, whatever may be 
their depths or relative dimensions.* 

In the case of Torksey tubular bridge, for instance, which was 
objected to on account of its instability by the Government Inspector, 
there is a want of proportion in the areas of the top and bottom, as 
the following numbers show : — 

SECnOKAL ABBA OF THB TOP. 

Ft In. In. Sq. In. 

Longitudinal plates . 2 8f x 2 x f = 24*47 

Vertical plates . 1 1^ x 8 x jt = 12-42 

Angle iron . . 4f x 9 x ^i = 13-35 

Area of cellular top, as given by Mr. Fowler 5024 

Ditto Capt. Simmons 5172 

Mean . . . 5098 



SECTIONAL A£EA OF THB BOTTOM. 

Ft In. . In. Sq. In. 

Longitudinal plates . 2 9 x | x 2 = 41*25 

Centre strip . 1 x | = 900 

Packing strip . 3f x if x 2 = 4-68 

54-93 
Span 130 feet. 

Here there is an evident want of proportion, the bottom being 

• Mr. Tate remarks upon this formula : — 

Ist. With respect to W =s — j-, where a is the section of the bottom, c = 80, 

the constant deduced on this supposition, will apply to all depths of the tube, 
within short limits of error, where such depths (or d) are large in proportion to 
the depth of the cells and the thickness of the plates. 

2nd. With respect to the formula W = — r— , where A is the area of the 

whole cross section, and G =: 26*7, then the tubes should be similar in all 
respects, but a slight variation in depth, from' that of a similar form, will not 
produce much error, especiallj where the depth is considerable. At the same 
time it must be observed, that both formuLe applj with great exactness where 
the tubes are similar. 
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greatly in excess of the top, which renders a reduction of the area of 
the bottom of the girder from 54-93 to 46*76 absolutely necessary. 
Hence by the formula, 

,-Tp. adc 4f6-76 x 120 x 80 _ 0Q7./7 4.^„„ 

or 288 tons = the breaking weight in the middle of one girder. 
From this is obtained 288 x 4 = 1152 tons as the breaking weight 
equally distributed over one of the spans of Torksey bridge, neglecting 
the weight of girders, ballast, rails, chairs, &c. ; which are diflferently 
estimated, but must be deducted from the breaking weight of the 
bridge. 

Mr. Fowler estimates an equal distribution of the load on one span 
of the Torksey bridge, as follows : — 

Tons. Tons. 

Rails and Chairs 8 

Timber platform 15 

Transverse beams 27 

Ballast, four inches thick . .85 

Half the weight of the four girders, which 

are each 46 tons in weight (it should have 

been the whole weight when equally 

distributed) 92 

To this must be added the rolling load as agreed 

upon = 195 

Total . 372 

Now as the ultimate strength of the bridge is 1152 tons, it follows, 
that 177 tons, the permanent load, will reduce its bearing powers 
to 1152 — 177 = 97 5 tons, as a resisting force to the heaviest rolling 
load that can be brought upon the bridge, being in the ratio of 
975 : 195 or 5 : 1. These appear to be the facts of the case; and 
although the principal girders do not attain the standard of strength 
which I have ventured to recommend as the limit of strength, they 
are nevertheless sufficiently strong to render the bridge perfectly 
secure. In the calculations for estimating the strength of bridges of 



= 177 
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this description, it is always assumed that the proportions of the top 
and bottom of the girder are not only correct, but that the sides are 
suflBiciently rigid to retain the girder in shape. It is further assumed 
that the whole of the plates are in the line of the forces, and that the 
workmanship and riveting are good. 

On the excess of strength that should be given to girder bridges, 
there is a difference of opinion. I, however, entertain the conviction, 
that no girder bridge should be considered safe, unless it be cal- 
culated to sustain four times the greatest load that can be brought 
upon it ; and in wrought-iron tubular girder bridges the breaking 
weight should be calculated at 12 tons to the lineal foot, inclusive 
of the weight of the bridge, or about dw times the maximum load. 

The following tables exhibit the strengths, proportions, and other 
properties of the girders, which are recommended in structures of 
this kind, and for spans from 30 to 300 feet. 

The first column gives the length of the clear span from pier 
to pier. 

The second, the breaking weight of the bridge in the middle. 

The third, the area of the plates and angle iron of the bottom 
of the girder. 

The fourth, the area of the cellular top ; and. 

The last column the depth of the girder in the middle. 
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Table showing the Proportions of Tvbidar Girder BridgeSy 
From 30 to 150 feet span; where the depth of the girder is -^th of the span * 



SpUL 


Gentr* 
bnaking 

wdght 
offandge. 


Seetional 

aiMof 

bottom of 

onegiidar. 


SeotioDal 

area of 

top of 

one^ider. 


Depth at 
the middle. 


bet. 


tons. 


iaduB. 


inchee. 


ft. in. 


80 


180 


14-68 


1706 


2 4 


86 


210 


1706 


19-91 


2 8 


40 


240 


19-60 


22-76 


3 1 


45 


270 


21-94 


26-69 


3 6 


50 


800 


24-38 


28-44 


3 10 


55 


880 


26-81 


81-28 


4 3 


60 


860 


29-26 


84-13 


4 7 


65 


890 


81-69 


36-97 


6 


70 


420 


84-13 


39-81 


6 6 


75 


450 


86-66 


42-67 


6 9 


80 


480 


8900 


46-60 


6 2 


86 


610 


41-44 


48-34 


6 7 


90 


640 


43-88 


6119 


6 11 


96 


670 


4681 


64-03 


7 4 


100 


600 


48-76 


66-88 


7 8 


110 


660 


68-68 


62-66 


8 6 


120 


720 


68-60 


68-26 


9 8 


130 


780 


68-38 


78-94 


10 


140 


840 


68-26 


79-63 


10 9 


160 


900 


7818 


86-31 


11 6 



* I have generallj taken the depth of the girders at -]^th of the span ; but in 
cases where the span does not exceed 150 feet it has been found more economical 
to adopt -j^th of the span. Eor spans above 150 feet it is, however^ more con- 
yenient, on account of the great weight of the girder, to adhere to the original 
proposition of y^th, in order to keep the centre of gravity as low as possible, and 
to prevent oscillation under a passing load. In situations where it is objection- 
able to increase the deptii of the girder, it then becomes essential to increase the 
sectional areas of the bottom and top, in the ratio of the depths. 
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Table shywing the Proportions of Tubvlar Girder Bridges, 
From 160 to 300 feet span ; where the depth of the girder is ^^th the span. 



Span. 


Centre 
biwUiig 

weight 
of bridge. 


SeotioittI 

area of 

bottom of 

one girder. 


Seelional 

area of 

top of 

one girder. 


Depth at 
themiddleu 


foot 


tWM. 


iiidiee. 


•aOm. 


K in. 


160 


960 


90-00 


106-00 


10 8 


170 


1,020 


96-68 


111-66 


11 4 


180 


1,080 


101-25 


118-13 


12 


190 


1440 


106-88 


124-69 


12 8 


200 


1,200 


112-50 


131-26 


13 4 


210 


1,260 


11818 


137-81 


14 


220 


1,820 


128-76 


144-38 


14 8 


230 


1,880 


129-88 


160-94 


16 4 


240 


1,440 


13600 


157-60 


16 


250 


1,600 


140-63 


16406 


16 8 


260 


1,660 


146-26 


170-63 


17 4 


270 


1,620 


161-88 


177-19 


18 


280 


1,680 


157-60 


183-76 


18 8 


290 


1,740 


16313 


190-31 


19 4 


800 


1,800 


168-76 


196-88 


20 



In these tables the breaking weights of all the girders are calculated 

by the formula W = ^^ ; as, for example, taking from the table a 

bridge similar to Torksey, 130 feet span, a, = the area of the bottom 
= 63'38 inches ; d = depth of the girder = 120 inches ; c = 80 the 
constant deduced from experiment, and / = length of clear span = 
1560 inches. Then for each girder the breaking weight in the centre 

or W = ^^'^^^5^^^^^ = 390 tons. Equivalent to 780 tons on each 
gii'der, or 1560 tons, when the load is equally distributed over the 
surface of the platform of the bridge. . If from this we deduct 190 
tons as the permanent load of the bridge, there remains a strength 
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of 1370 tons as a resisting force to the travelling load of 195 tons ; 
or in other words, the strength of the bridge is rather more than 
seven times the greatest weight that can be passed over it.* 

Another subject of importance is the force of impact and the effect 
of vibration, on bridges of this description. I am of opinion that 
the principles upon which I have endeavoured to establish the con- 
struction of these particular bridges, ever since their first introduction, 
adequately provide against any danger from this cause, and may be 
relied upon as sufficient to meet all the requirements of railway 
traffic. In several carefully conducted experiments on tubular girder 
bridges, of spans varying from 60 to 100 feet, the deflection was 
found to be as nearly as possible the same at aD velocities. On 
this subject an elaborate series of experiments was made by the 
Commissioners on railway structures, which showed an enormous 
increase of the deflection as the velocity increased to 30 miles an 
hour. It is however to be observed that these experiments were on 
small bars 9 feet long and 4 inches broad, and although they are 
highly valuable and exceedingly interesting, I am of opinion that 
there must be considerable difference in the effects of a weight rolling 
over a cast iron bar and over a bridge 60 or 100 feet long. It is 
true the Commissioners, in their report, have qualified the results 
obtained from these experiments, by others upon existing cast-iron 
girder bridges where the defiection was reduced from an increase of 
the statical deflection, amounting to ^q ths of an inch, produced on 
the 9 feet bars at a velocity of 30 miles an hour, to '03 of an inch, 
upon a bridge of 48 feet span, at a velocity of 50 miles an hour ; 
thus clearly showing, that the larger the bridge and the greater the 

* Since tbe above table was completed, 1 ton per lineal foot bas been taken 
as tbe permanent weigbt of bridges from 40 feet up to 100 feet span, and tbe 
rolling load as 2 tons per lineal foot ; and in spans varying from 100 to 300 feet, 
the permanent weight of tbe bridge is estimated at li tons per lineal foot, and 
the rolling load also at 1^ tons per lineal foot. Eor practical purposes these 
proportions are found to be perfectly safe ; although in spans above 300 feet 
where the permanent weight of the structure becomes a large proportional of 
the load, it becomes necessary to introduce into the calculation new elements as 
regards strength, as may be seen in those for the Britannia and Conway tubular 
bridges. 

q2 
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rigidity and inertia of the girders, the greater will be the reduction 
of the deflection due to a passing load. In the tubular girder 
bridges the Commissioners had no experience, nor were they 
acquainted with the strength, rigidity, and other properties of girders, 
composed of wrought-iron riveted plates. In these bridges, so far as 
my experiments go, the deflection due to the passing load appears to 
be the same at all velocities, and unless there exist irregularities and 
inequalities on the rails, tending to cause a series of impacts, it may 
reasonably be concluded, that the deflections are not seriously, if at 
all, increased at high velocities. 

On the effects of impact I concur in opinion with the Commis- 
sioners, that the deflections produced by the striking body on 
wrought iron are nearly as the velocity of impact, and those on cast 
iron greater in proportion to the velocity. These experiments and 
investigations are extremely valuable. 

In confirmation of what has here been stated I may add the results 
of some experiments on one of the earliest of these tubular girder 
bridges, that over the turnpike road at Blackburn. The bridge 
consists of three girders, and is 60 feet 6 inches in span. Three 
locomotive engines, weighing 60 tons, were coupled together, so as to 
occupy the entire span, and passed over the bridge at velocities 
varying from 5 to 25 miles an hour. This load produced a deflection 
of '3 of an inch, and that without any sensible increase in the 

deflection arising from the dif- 
ferent rates of speed. Two 
wedges or inclined planes were 
^' ' then fitted to the rails, fig. 88, 

at the middle of the bridge, and the engines run over them at rates 
of from 1 to 10 miles an hour. The shock of the engines as they 
respectively fell upon the girders from a height of 1 inch, the thick- 
ness of the wedge at d, gave an increase of deflection from '3 to '42 
inch ; and another set of wedges 1^ inches in height gave a further 
increase of deflection from '42 to 54 of an inch. 

The mode of testing the bridges is a part of the inquiry which 
requires consideration, and, in order to maintain unimpaired the 
elastic powers of the structures, the tests should not exceed the 
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greatest load the bridge is intended to bear at high velocities. In 
fact, the Commissioners are correct in assimiing that the flexure 
of the girders should never exceed one-third of their ultimate 
deflection. In wrought iron girders the effects of reiterated flexure 
are considerably less, in a well-constructed bridge of similar propor- 
tions to those given in the above tables, than those of cast iron. 
The deflection produced in these constructions by the greatest load 
will not be more than one-sixth of the ultimate flexure of the girder. 
It will be desirable that our readers should be acquainted with the 

mathematical analysis upon which the formula W = ^^— rests, that 

they may be able to judge for themselves of its value, and of the truth 
of the charge that it is merely empirical. We therefore give the 
investigation of the formula by Mr. Tate, undertaken by him during 
the construction of the Britannia and Conway tubular bridges. 

Investigation of FormultB relative to Rectanffdar Tubes. 

Let H I C D represent a section of the tube with a cellular 
structure ; A B the neutral axis ; 
W = the breaking load of the tube ; 
/ = the distance between the supports ; 
^ = D «, the depth of the top cells ; 
^1 = H t?, the depth of the bottom cells ; 
p = the whole breadth of the spaces in the top 

cells; 
k = the thickness of the plates ; 
a = the area of the section of the material in the top cells DCrs; 
ai = the area of the section of the material in the bottom cells 

H I ^ i; ; and so on to similar notation for the parts below 

the neutral axis ; 
/ = the force per square inch opposed to compression at the 

centre of the top cells ; 
S = the force per square inch opposed to compression at the 

upper edge D C ; 
ff = the distance of the centre of the top cells from the neutral 

axis A B ; 
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A = AD, the distance of the top of the tube from the neutral axis ; 
G = the distance between the centres of the top and bottom cells ; 
M = the moment of resistance of the section H I C D to rupture. 

Hence we have, neglecting the material in the sides va and tr, 
resistance of material in DCrato compression ^ resistance whole 
area DCrs — resistance space in the cells. 

=/{6e-_pie-2i)} =fa. 

Similarly, we have, 

Resistance of material in H I ^& to ext-ension = /i Oi 
■''/a=/ia, (1.) 

Moment resistance of D C r« to compression, m. 

Without infringing upon the peculiarity of the structure we may 
suppose that A is indefinitely small, and that the material is chiefly 
collected in the vertical plates connecting D C and s r, 

Then we have 

= /Sf{6e-pie-2i)}, neglecting — • 
=/gy- 

* Tn the model tube experiment XLL, - 

e = 6-5, y A 27 — 8«2 A 28-8, 

• • 12»« ^ 12 X 88-8» ^ 160 
Hence it appears that the portion of the abore formula which is rejected, ia 



hd 

48arf_ adG 
I I 
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Similariy, we have, 

Moment resistance of H I ^ t? to extension = /i a^ yi, 

but by equation (1.) 

fa =/x fli, 

=/aGor/fl,G; .... (2.) 

...W = t^,ori^ . . . (3.) 
Substitutrng S I for/, we find, 

but in all practical cases j^ ^^\P^ unity very nearly ; 
.•.W = 

Again, in similar tubes/ must be constant, for/ = S x ^=: S x a 

constant ; and moreover G must be some constant proportional part 
of the depth of the tube ; hence 4/G = c? x a constant = rf C 

.•.W = ^^. (4.) 

where C must be determined by experiment. 

Moreover, as the area of the whole section of the material in similar 
tubes must be some constant proportional part of a, we also have 

W=^ (5.) 

whence we have for the value of the constant 

c = S. («•) 

The general formula (5) will afterwards be shown to hold true for 
cylindrical and elliptical tubes. 

In the model tube. Experiment VIII., page 208, the neutral axis 

less than lin^ part of that which is retained, so that the relation m:=ifag is 
flii£Bcienily exact for all practical purposes. 
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must obviously be very nearly in the centre of the section. It will 
therefore be interesting to investigate a formula for this case. For 
this purpose, let I = the moment of inertia of the section H I C D, 
and ^2 = the sum of the thicknesses of the side plates v s and / r, 
then we have, by a well-known formula, 

^' = ¥ « 

.•.W=^ (8.) 

But the moment of inertia of the section = 2 { moment A B C D — 
moment space A B r « — moment space in the cells D C r « } ; 

= \\bh* - {b - h) {h-ef -p\{h-k)^ -{k-e -^ kfW . . (9.) 

which expresses the value of I in equation (8.). 
The value of the constant S deduced from (7.) is 

-^ (10) 

As an application of equation (6.) and equation (10.) let us take 
the data of Experiment VIII. 

^a?. In Experiment VIII., W = 8916 tons, A = 5547, d = 
4-5 ft., /= 75 ft., b = 35 in., k = 147 in., i^ = 198 in., e = G^in. 

Whence we have from equation (6.) 

C = ^ = g§^ = 26-7 tons. 
A.d 66-47 X 4,-B 

And from equation (10.), we have 

* - it, = 35 - 198 = 34-802, A = i^Al? = 27, 

A - c = 27 - 6-5 = 20-5, j5 = 35 - 7 x 147 = 33-971, 
yS _ ^ = 27 - 147 = 26-863, &-e + i = 205 + -147 = 20-647, 

.-.1=1 [35 X 27» - 34-802 x 20-5» - 33971 { 26-853* - 
20-647*}] = 20200 nearly; 

. 8-^5?^= 89-15x76x12x4-6x12 ^ 268 tons. 

•^ - SI 8 X 20200 * " '*'" 
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Here it will be seen there is a very near coincidence between the 
valnes of C and S. 

When the tnbe is simply a hollow rectangular beam, similar to 
that of Experiment XIV. p. 91, we find from equations (8) and (9) 
by making e = 2 ^ 

substituting | for Ay putting bi for b — k^^^ the internal breadth, and 
fi^ for rf — 4 ^ = the internal depth, we have 

I = l{«rf«-«,rf,»},. . . . (11.) 
• • ^^ Id 

by substituting i — 2 A for ii, and d — ^kiox d^. 

Ex. In an experiment, / = 30 x 12, W = ^ + 2275 = 23-356 

tons, half the weight of the tube + the breaking weight ; rf = 24, 

b = 16, and k = 272, hence we have by equation (1 2.), 

Q 8 X 28-856 x80xl2x24 ,.. , 

S = 2{16x24»-(16--»544)(24^-544)'} = ^^ *^^^ ^^^y- 



Formul€B relative to Cylindrical Tubes. 

As the thickness of the metal in these tubes is uniform, we shall 
suppose that the neutral axis passes through the centre of the circular 
section. 

Let r, ri = the radii of the exterior and interior circles respectively ; 
d,di^ the diameters of the exterior and interior circles 
respectively. 
k = the thickness of the metal, 
A = the area of the section of the material, 
a*, y = the co-ordinates of a point in the circle referred to the 
centre as the origin. 
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The other notation being the same as in the preceding investiga- 
tion ; then, we have 

2S . ir^ _ 2S nj^ 
7" 8 r ■ 8 



M=^/:,{y^^^}-^/:,{y^^^} 



{1 -($)■)■ 



rSA i 
4 



Now in similar tubes - is a constant quantity, and consequently 
1 + rA is also a constant quantity ; in this case therefore we have 



M 


= 


AdO 
4, 


4 


= 


AdC 

4 



.-. W =^ (13.) 

which is the same general formula as that given in equation (5.). 
When the thickness of the tube is small as compared with its 

depth, then 1 +(j) = 2 very nearly,* and in this case, 

:.,M=tM{i.(.)-j='4A. 

.. w - -p 
Comparing this expression with (13.) we find C = S. 

Formtda relative to Elliptical Thibes. 

Let a = Semi-axis major of the exterior ellipse. 
b = Semi-axis minor of the exterior ellipse. 

* In Experiment lY., on Conway and Menai Tubular bridges, p. 217, d = 
18'26A;=0682; 

,.. r 2= ^ = 913, n = 913 - -0582 = 9072, 

and 1 4- (y = 1 + (^)' = 1-99 or 2 nearly. 
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ai == Semi-axis major of the interior ellipse. 
^1 = Semi-axis minor of the interior ellipse. 
d = The depth of the tube. 
k = The thickness of the metal. 
A = The area of the section of the material, &c. 
Proceeding precisely as in the case of the cylindrical tubes, we have 

now we shall assume that the exterior and interior ellipses in the trans-^ 
verse section of the tube are similar ; hence in this case r = r- ; 



Now in similar tubes -r-^ is a constant quantity, 



M = 


AJO 

4 ' 


WZ ArfC 
4 - 4 


w = 


. AiC 



.... (14.) 

which is the same general fonnula as that given in equations (5.) 
and (13.). 

When the thickness of the tube is small as compared with its 

depth, then 1 + -jj "^ 2 very nearly,* and in this case 



"^ 4 (^ ^ *a j 2 ' 



•.w-^« 



* In Experiment XIX., on Gonwaj and Menai Tubular bridges, p. 224, a s 
i^ ^ 7-81, h ^—-^ 4-626, Jc = 0412, a, « 7*81 - -0416 » 72684, h^ «• 
4 625 - -0416 s: 4*6884, 

*°^1 + yr = ^ + i>626.7 8i ^ l-98or2neaiiy. 
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Comparing this expression with (14.), we find C = S. 
From equations (5.), (13.), and (14.), it appears that 

is a general expression for the breaking weight of all tubes, whether 
rectangular, cylindrical, or elliptical, under the Umits specified ; where 
A is the area of the section of the material in square inches, d = the 
depth in linear inches, / = the distance between the points of support 
in linear inches, and C a constant determined by experiment for the 
particular form of the tube. 

Hence the value of the constant C in those expressions, may be 
taken as the index of the comparative strengths of the different kinds 
of tubes. 

To express the breaking weight of a Tube, as compared with the weight 

of the Tube itself 

Let s = the weight of a cubic foot of wrought iron, and w = the 
weight of the tube ; then, supposing the tube to be uniform in its 
dimensions, we have 

W=^^^ = 144A/^-^-5__ =,..^. .C_ 

where the ratio varies as the depth of the tube, and inversely as the 
square of the length. 



Continuity of Girders over ttvo Or more Spans. 

It will be observed that, in calculating the strengths of a tubular 
or tubular girder bridges, the effect of making the girder continuous 
over more than one span has been purposely omitted. This view 
of the matter does not, however, prevent our investigation of the 
value of the counterpoise in its resistance to the load, in cases where 
the bridge has more than one span. The importance of the auxiliary 
strength thus obtained is acknowledged by all authorities, and the 
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mathematician will find it an element which in his calculations could 
not with any propriety be neglected. 

If, for example, we suppose a beam extending over two spans A B 
and B C continuously and having to support a weight W at the 
centre of one span, it then follows, that the top of the beam would 
be compressed between A d and e C, but that in the intermediate 



Fig. 84. 

space d e between the points of contrary flexure, the top would 
have to support a tensile strain, caused by the weight W. In the 
position shown there would be a tendency (supposing the material to 
be sufiiciently elastic) to raise the whole or part of the girder 
extending over the span B C into an arched form, and the weight of 
this portion would in turn act as a counterpoise to the weight W. 
On this subject Mr. Pole laid before the Institute of Civil Engineers 
a mathematical investigation of considerable interest, which I have 
quoted, in order to place before our readers the means of estimating 
for themselves the importance of the continuous principle in the 
erection of tubular bridges. 

Investigation of general Formula applicable to the Torhsey Bridge.^ 

A beam of uniform section, and of perfectly elastic material, is 
supported horizontally at three points, A B and C (fig. 85), the 
support B being midway between the others. The two spans 
A B and B C are each loaded with different weights, distributed 
uniformly over the length of each span respectively, the weight on 
the part A B being the greatest. 

* This investigation is extracted from the 9th volume of the Proceedings of 
the Institution of Civil Engineers, 1851. Mr. Pole has given a more extended 
investigation in Mr. E. Clarke's '' Conway and Britannia Bridges." 
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To determine the deflection curve of the beam, and the strength 
of the part A B. 
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Let / = A B or B C = the length of each opening. 

/A 2K weight per lineal unit distributed over space A B. 
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Let /i, = Weight over space B C. 

Pi] 

P3 == pressures upon the three supports A B and C respectively. 

pj 

X = A A = horizontal distance from A of any point R in the 

neutral line of the beam. 
y = A R = the deflection at that point. 

If R be any point in the neutral line of the beam, whose co- 
ordinates are x and y^ the portion R A of the beam is held in 
equilibrium by three forces, viz : — 

1st. The pressure Pi. 

2nd. The load upon that portion of the beam = ft ^. 

3rd. The elastic forces called into operation on the transverse 
section of the beam at R. 

The principle of the equality of moments must therefore obtain in 
reference to these forces ; i. e., the sum of the moments of the 2nd 
and 3rd, which act together to turn the part R A round R in one 
direction, must be equal to the moment of the 1st, which tends to 
turn it in the opposite direction. 

Now, 1st. The pressure Pi acts at a perpendicular distance from 
R = fl? ; therefore the moment of this force = Pi .r. 

2nd. The load /i x may be considered as collected at a point 

distant ^ a from R ; therefore the moment of this force = ^ 

3rd. Let, for the present, the moment of the elastic forces of the 
beam round R = <^. 

Then<^ + ^ = Pi^. 

or,<^ = Pi^-^ (1.) 

If E represent the modulus of elasticity of the beam, and I the 
moment of inertia of its transverse section round the neutral line, the 
moment of the elastic forces will be represented by the equation. 



whence we have 



>=-Elg. 



EI^-'-l-P., (i.) 
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Integrating this, and representing the inclination to the horizon of 
the tangent to the neutral line at B by j3, so that at that point, 

-i? = tan ^, we have 
da 

El(^ - tan /3) = 5 (a^ - /») - I (or* -/«) 

Integrating again 

BI(y-artan^) = j('j-/»^)-5'g-rar) . . .(3.) 

which is the equation to the deflection curve from A to B. 

At the point B, when a? = /, we know that y = o ; therefore, by 
substituting these values in equation (3.), we obtain, 

Ta^^ =2iiT(3''^-"8Pi) .... (4.) 

Now, by applying a similar process to the part B C of the beam, 
and remembering that the angle P must in this case have a contrary 
sign, we obtain 

T^^ = 2m(SP«'"3M./) .... (5.) 

Comparing this with equation (4.) we obtain 

3;i/-8Pi = 8P,-3M,/ (6.) 

By the principle of equality of moment round B, we have 

Pi/+^ = P.^ + ^, (7.) 

whence by substitution with equation (6.) 

andP, = ^fiii. (9.) 

and since Pj + P, + Pj = j* / + pt, /, 

P» = |(m»^+m/) (10.) 

* If ft = /i^ i.e., if the load is equal on both sides of the centre pier, 

P, = P. = 4m^, 
P. = Vm^. 
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To find the point of contrary flexure in the curve ABB ; or where 

Referring to equation (2), we have O = ^ — Pi ^, 

2 P 

or w = — ^ at the point of contrary flexure. 

It is evident that at this point <t> = O, i. e,, there are no elastic 
forces exerted, and therefore there are no longitudinal strains, either 
of extension or compression, on any of the fibres of this section, 
of the beam. 

We may now proceed to calculate the strength of the part A B of 
the beam ; and this resolves itself into the question, What is the 
greatest longitudinal strain on the fibres of the beam, when bearing 
a given load ? 

Let the load distributed over the length A B =;i / as befcwre. 

Now, in order to find the place in this length where there is the 
greatest strain on the fibres, or where <^, the moment of the elastic 

forces, is at a maximum, differentiate equation (1) and make 5^ = O* 
We have thus 

0=Pi -Mer,or^=-' . . . . (12.) 

at the place of greatest strain. This, it will be observed fi-om 
equation (11), is half-way between the end of the beam and the 
point of contrary flexure. 

Substituting between equations (1), (8), and (12), we have for 
the moment of elastic forces at the section of greatest strain, 

(7 /i Z - /i, r) ,, o N 

* = 6l27~ • • • • U^O 

It is capable of proof, that if/= the longitudinal strain, per square 
unit of area, on any fibre of the beam ; c = distance of that fibre 
from the neutral line ; and I = the moment of inertia of the section 
of the girder round the neutral line ; then 

Moment of elastic forces = <^ = ^ I. 

c 
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Therefore, by equation (13), at the section of greatest strain, 

/ T = ^^^-^^ 
e 612ii 



^^/= ^6i2X 



which by using the proper value of c will give the greatest strain 
either of extension or compression, on any of the fibres of the beam, 
and will thus determine the strength of the beam to resist a given 
load. 

Application to the Tothsey Bridge. 

The following are the values of the given quantities for the case 
in question : — 

/ = dear span = 1560 inches, 
ft / = load on A B = 400 tons, or for each girder = 200 tons. 
ft,/=-load on B = 164 tons, or for each girder =82 tons. 
E = modulus of elasticity, is taken at 10,000 tons * for a bar one 
inch square. 

To find the position of the neutral line. 

It is known that when the material of a beam is perfectly elastic, 
the neutral axis of an/ transverse section passes through its centre 
of gravity. 

By the application of this rule to the section of the Torksey Bridge 
girders, the neutral line is found 64 inches from the top or 56 inches 
from the bottom of the section. 

To find the moment of inertia I of the transverse section round its 

neutral axis. 

Since we have I = 2 p, A ^, the moment of inertia is obtained by 
adding together the moments of all the separate parts of the section. 
The moments of the horizontal plates are found by simply mul- 
tiplying the area of each by the square of its vertical distance 

* The value used for the deflection of the Britannia and Conwaj Tubular 
Bridges. 
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from the neutral line ; those of the vertical plates by the application 
of well-known analogous rules. The following are the results 
derived from two independent computations. The dimensions are 
taken in inches. 



Moment of inertia of the section of the girder i 


round the neutral line. 


Compressed portion. 
Top plates . . . . 
Vertical plates of cells 
Bottom plates of cells 
Portion of side plates 


. 73,700 
. 41,700 
. 51,700 
. 21,100 


Total moment of compression 


188,200 


Extended portion. 
Portion of side plates . 
Bottom plates . 


. 28,500 
. 155,800 


Total moment of extension 


. 184,300 


Total sum of moments = I 


. 372,500 



The values of the pressures on the three points of support are 
obtained from equations (8), (9), and (10). They are for each girder, 

Pi = . . . 82-375 
P5 = . . 23-375 

P, = . . . 352-500 

The value of tan j3 03 being the angle the girder makes with the 
horizontal) is obtained from equation 4. 

taniS =—00014955 

The distance of the point of contrary flexure from A, is, by 
equation (11), = 1285 inches, or 22 feet 11 inches from the centre 
pier. 

The deflection of the loaded span of the beam is obtained by 
equation (3), and that of the unloaded span by one similarly deduced. 
The deflection of the unloaded beam may be found in a corresponding 
manner, and all three are united in the following table : — 
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Calculated Deflection of the Torksey Bridge under the specified load. 



DiiteDoe firom end. 


Deflection 
of loaded 
girden. 


of ptdenfhntt 
tbeir own wdght. 


Deflection 

due 
to load. 




feet 


inehei. 


inchea. 


indies. 


End Pier A . . . 




OOO 
+0-41 


0-00 
+018 


000 
+0-28 




10 




20 


0-79 


0-25 


0-64 




30 


112 


085 


0-77 




40 


1-86 


0-42 


0-94 




60 


1-60 


0-45 


1-05 


Loaded Span . . 


60 
70 


1-66 
1-49 


0-45 
0-42 


110 
107 




80 


1-84 


086 


0^ 




90 


111 


0-27 


0-84 




100 


0-88 


018 


065 




110 


0-58 


010 


0-43 




120 


+0-24 


+0-03 


+0-21 


Centre Pier B . 


. . 


000 


0-00 


000 




120 


-014 


+008 


-0-17 




110 


-0-20 


010 


-0-30 




100 


-0-21 


0-18 


-0-39 




90 


-018 


0-27 


-0-45 




80 


-012 


0-35 


-0-47 


Unloaded Span . 


70 
60 


-006 
-001 


0-42 
0-46 


-0-48 
-0-46 




60 


+0-04 


0-45 


-0-41 




40 


+007 


0-42 


-0-35 




30 


+007 


0-36 


-0-28 




20 


+006 


0-25 


-019 




10 


+002 


+013 


-Oil 


End Pier C . . 




000 


000 


0-00 
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The greatest longitudinal strain on the fibres of the beam is 
determined from equation 14, as follows : — 

To find the greatest compressive strain on the top plates, we must 
make <? = 64 = the distance of these plates from the neutral line ; 
whence / = 4*55 tons per square inch, greatest longitudinal com- 
pressive strain on the top plates. 

For the bottom plates c = 56, whence / = 4 tons per square inch, 
greatest longitudinal tensile strain on the bottom plates. 

The advantage gained by the continuity of the girder across the 
two openings is shown by the following table. The first column 
applies to the continuous girder, the second contains the corre- 
sponding strength and deflection calculated for an independent girder 
spanning one opening only. It will be seen that the effect of the 
continuity is to increase the strength in the ratio of about 3 : 2 and 
to diminish the deflection in a still larger proportion. 





In the 
girder. 


In an 

independent 

gilder, 

spanning 

one opening 

only. 


Compressive slndn on top plates . . . 
Tensile strain on bottom plates . . . 

Deflection by weight of structure only . 
Deflection with load added 


TonBper 
square inch. 

4-55 
400 

incheB. 
0-45 

1-65 


Tons per 
square inch. 

6'76 
5-90 

inches. 
108 

2-65 



I have given the above investigation of Mr. Pole rather to stimulate 
experimental inquiry than to imply reliance in his conclusions, 
as a rule for the construction of tubular girder bridges. Mr. 
Pole, it wiD be observed, attempts to prove that the strength of a 
continuous girder like that of the Torksey Bridge, extending over 
two spans, is to that of an independent girder as 3 : 2. Now the 
formula for this calculation may or may not be correct as the 
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premises on which it is founded approach or recede from the 
truth; it is apparently, however, not derived from direct experiment, 
but from assumed data, which may be questioned in our attempts to 
reduce it to practice. There cannot, however, exist a doubt that in 
loading a contmuous beam in the middle of any one span, the 
tendency will be to throw the top part of the beam immediately over 
the pier into a state of tension, and that tension cannot be produced 
without a corresponding decrease of deflection in the beam, and a 
tendency to raise the middle part of the beam of the adjoining span 
in the ratio of that force. These conditions may safely be taken 
into account in the calculations of continuous beams, but I would 
recommend the exercise of caution in trusting to theoretical formulae, 
which in general practice might lead to results unfavourable to 
the strength and security of these important structures. 

As already stated, I have purposely omitted, in my calculations, 
taking into account those elements of strength which peculiarly 
belong to the continuous beam ; I have done so, not from any desire 
to lessen its importance, but to guard the practical builder against 
an allowance of one-third in the strength of the continuous girder. 
A reduction to that extent I should consider unsafe in general 
practice ; and taking into account the various forms and conditions 
under which girders of this description are constructed, I should 
consider it much more secure — ^without questioning the accuracy of 
Mr. Pole's formula, — ^to limit the reduction, under such circumstances, 
to one-fifth. 

On the construction of tubular girder bridges of single span, 
I have selected for illustration an example which may serve to 
show how these bridges are constructed, and how the different 
parts are united so as to give the required tenacity and the neces- 
sary rigidity to the force and velocity of a railway train. This 
bridge supports the Inverness and Aberdeen Junction Railway, 
Joseph Mitchell, Esqr., Engineer, across the Spey, and consists of 
a single span of 230 feet in the clear, as will be seen by reference 
to the elevation and plan, figs. 86 and 87. It consists of two 
wrought-iron tubular girders, each 16 feet deep, 3 feet 6 inches 
wide. Each girder is of sufiicient length, 245 feet, to give a bearing 
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surface of 7 feet 6 inches on the piers at each end. It is 
supported on one side upon cast-iron bed-plates, and at the other 
upon rollers, which leave it free to expand and contract under all 
the changes of atmospheric temperature. Between the tubes the 
railway is supported upon longitudinal balks of timber resting on 
wrought-iron plate beams at every 4 feet, riveted to the sides of 
girders, as may be seen at c c in the section. Fig. 88 exhibits a cross 




Fig. 88. — Transvebsi Sbctiobt or Spet Bbidox. 

section of the bridge at the centre, and shows the relative positions 
of the tubular girders A and B, placed at a distance of 24 feet 
8 inches apart. One of the wrought-iron cross beams is seen at c c 
supporting the longitudinal planking of the roadway, and connected 
to the sides Vy the plates d d, which extend the bearings to the 
outside of each girder. 

Tke Top. The arrangement of the plates in each girder will be 
seen in fig. 89, which represents a cross section of one of them at the 
^ centre. The top of the girder is formed on the cellular principle, cal- 
culated to present an adequate power of resistance to the compressive 
strain to which the top is subjected ; and to prevent the buckling to 
which thin wrought-iron plates are liable. The cells A B, fig. 89, 
two in number, are composed of plates, each t"6 i^ch thick, and 1 
foot 9 inches wide, and of three vertical or V plates ,V inch thick 
and 1 foot 6 inches wide. These plates are connected together by 
eight angle-irons, each 4 inches by 4 inches by -^ inch running 
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longitudinally the entire length of the girder, and riveted to the 
plates at every three inches. The joints in the plates are covered 




with strips on each side, riveted with two rows of rivets, that is, one 
row in each plate. Fig. 90 is a plan of the top of the girderi 
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showing the strips covering the longitudinal and cross joints in the 
A plates. 

TAe Sides are composed of S plates tV inch thick at the centre and 
2 feet wide, covered on the outside of the tube by strips, and on the 
inside by T irons in the manner shown in fig. 89, in order to give 
rigidity to the construction of those parts and to retain the top and 
bottom in position. Towards the ends T irons take the place of the 
covering strips on the outside, and the bottom is viddened and con- 
nected with the sides by triangular yo^^^fe (fig. 92). To prevent the 

buckling of the sides, small plates marked G, 
fig. 89, are introduced at every two feet and 
riveted to the T irons on each side ; and at 
the bottom to prevent distortion, and to throw 
the strain of the cross beams on the centre 
of the girders, similar plates marked E are 
inserted. 

Tke bottom is not of the cellular construc- 
tion ; indeed, where sufficient sectional area 
can be obtained without cells, the more nearly 
the bottom approximates to a soUd homo- 
geneous mass, the better is it calculated to 
resist a tensile straia. In this girder it is 
composed of large and heavy plates 12 feet 
long, 1 foot 9 inches broad, and -ff inch thick, 
of which four are seen in the cross section at 
the centre ; these are placed vidth the joints, 
alternating, and covered vidth plates 2 feet 
8 inches long, carefully chain-riveted. The 
bottom is connected with the side plates by 
two large angle-irons 4 inches x 4 inches x 4^ inch, a packing strip 
being interposed to secure a level surface for the ends of the S plates, 
uninterrupted by the covering plates on the top of the C plates. Strips 
8 inches broad cover the longitudinal joint between the C plates, and 
the whole is united into an almost homogeneous mass by rivets 1 inch 
in diameter placed 4 inches apart. Fig. 91 shows a plan of the 
girder, bottom upwards, with the position of the covering plates, &c.. 






Fig. 90. 
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and also a section through the line ad, with the covering plates 
alternating so as to break the joints. 
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On one abutment the girders rest simply upon a cast-iron bed- 
plate firmly fixed in the masonry^ but the other on rollers to permit 
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free longitudinal motion as the girders expand or contract with the 
changes of temperature. In the Spey Bridge the variation will not 
probably exceed If inch, but in the Britannia Bridge it amounts to 
as much as a foot. Fig. 92 is a cross section, and fig. 94 an out- 
side elevation of part of one of the girders at the abutment, showing 
the position and arrangement of the rollers. The cast-iron bed-plate 
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Fig. 92. 
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Fig. 98. 



(3 h) upon the abutment is 8 feet long, 6 feet broad, and 2 inches 
thick, with flanches at each end for holding it in the masonry. That 
under the girder is similar, but without flanches, and only 7 feet 
8 inches in length. The girder is fitted upon the latter with thin strips 
of wood dipped in tar so as to obtain a firm and even bearing surface. 
Between the bed-plates are placed the rollers, 12 in number, and 
each 4 inches in diameter and 5 feet 2 inches in length ; the ends 
are turned down into axes which are fixed in a rectangular wrought- 
iron frame to keep them parallel to one another and to the end 
of the girder. 

Fig. 92 also shows the manner in which the bottom of each girder 
is expanded to a breadth of 5 feet over the whole of the bearing 



FOR THE CONSTRUCTION OF BRIDGES. 



253 



surface, the T irons being bent round the gussets t? c are riveted to 
them to increase the width of the base and give increased lateral 
rigidity to the part which rests upon the masonry. 

The cross beams which support the roadway are of wrought-iron 
like the bridge itself; they consist of a vertical plate of wrought-iron 




Fig. U, 

(fig. 93) 1 foot 4 inches deep, and iV inch thick, to the top and 
bottom of which are attached four angle-irons, to form the flanches of 
the beam. These angle-irons are each 8 inches by 3 inches by ^-inch. 
At the ends the angle-irons are bent round and riveted to the beam 
and to the side of the girder. These cross beams are placed at 
distances of 4 feet apart. 
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It is to be observed that the thicknesses of the plates, as given 
above, apply only to the centre of the bridge ; towards the ends the 
top and bottom plates gradually diminish while the side plates 
slightly increase in thickness as they approach the piers or abutments 
of support. This arrangement is made to proportion the different 
parts of the girder to the strains they have respectively to bear. 

In calculating the ultimate strength of this bridge, we may take 
the heaviest rolling load which could ever come upon it, viz., both 
lines being covered with locomotives, or two heavily loaded goods 
trains, drawn by four engines, passing, one on the up, the other on 
the down line at the same time, to be equivalent to 1^ ton per lineal 
foot = 230 X 1^ = 346 tons, distributed over the two lines of rails 
in the distance between the abutments of the bridge. 

Taking the sectional area of the bridge, we have— 

AREA OV TOP OV ONE OIBDKB. 









Sq. in. 


4 


A and B plates, 21 x. A . 


. = 


420 


2 


V phtes, 18 X A 


. = 


16-7 


1 


V pkte, 18i X A • . 


. = 


8-2 


10 


Angle-irons, 4 x 4 x j^ 


. = 


41-8 




Covering strip, 8 x j^ 


. = 


40 




Total sectional area . 


r: 


111-7 




ARBA OV BOTTOM OV OKI GIBDX 


R. 


Sq.!li. 


4 


C plates, 21 X If 


. = 


630 


2 


Strips, 8 X If . 


. = 


120 


4 


Angle-irons, 4 x 4 x H 


. = 


25-2 




Total sectional area 


. "■"■ 


100-2 



Hence, in the formula W 



T 



\ we have a = area of the bottom 



= 100-2 square inches; rf= depth of girder = 16 x 12 = 192 inches; 
c = 80 ; / = length of span = 230 x 12 = 2760 inches. 
Hence, by formula — 
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100-2 X 192 X 80 7f^a n x^ I. T • ux r 

^^ = 557 o = Centre breaking weight of one mam 

girder, 
••. 557*9 X 2 = 1115-2 = Centre breaking weight of bridge. 
.'. 567*6 X 4 = 22304 = Breaking weight of bridge load equally 

distributed. 
Or in other words 9-6 — Breaking weight per lineal foot. 
Hence ratio of breaking weight to greatest load after deducting for 
the weight of the bridge = 81 2 1*5 or 5*4 : 1 
The bridge is estimated to weigh about 850 tons. 



JPlate Bridges. 

For small spans not exceeding 60, 80, or 100 feet, the tubular 
arrangement is frequently laid aside, and the girder is constructed in 
the form of a simple beam. I have already alluded to this point, and 
have only now to add an example of the manner in which plate beams 
are applied in bridge-building. 

The great cause affecting the durabiUty of iron bridges is the 
oxidation which arises from a damp atmosphere, especially in those 
crossing tidal rivers, arms of the sea, &c., when saline particles are 
held in suspension, and where they are exposed to the alternate 
changes of wet and dry ; in such situations, if precautions were not 
taken, there is reason to believe that this exposure would in time be 
productive of serious if not disastrous results. To obviate any danger 
from this cause tubular and tubular girder bridges are designed, so 
that access may be gained to every part for the purpose of painting. 
Thus, for instance, the cells of the Britannia Bridge and of Spey Bridge 
are sufficiently large to allow a man or a boy to push himself through 
them on a small truck. But in bridges of small span this cannot 
always be provided for, and hence the superiority of a plate girder. 
Simplicity of construction and cheapness are also great advantages 
of this form, which more than compensate for some slight loss of 
strength. 

Fig. 95 is a cross section of one girder of a plate bridge of 55 feet 
9 inches span, designed to carry a single line of rails. The bridge 
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consists of two girders, each 62 feet long and 6 feet deep, placed at a 
distance of 12 feet 9 inches apart between the girders, which in this 
construction as in that of the tubular girders form the parapets 
of the bridge. The plates forming the top are 12 feet and 14 feet 
long, 18 inches broad, and varying from 4^ inch in thickness at the 
centre to +f at the ends. The joints are covered by strips. The 
bottom is composed of similar plates, varying in thickness from -H at 
the centre to tV at the ends, carefully chain-riveted ; the sides are 

composed of plates 4 feet lOf 
inches long, by 2 feet broad, 
and tV inches thick ; except the 
two last plates at each end, 
which are tV inch thick. The 
joints in these plates are covered 
alternately by strips 5 inches 
broad and by T irons {a a) 4^ 
inches x 3^ inches x [\^ inches 
riveted to the plates on each 
side; the T irons being placed at 
those joints at which the cross 
beams are riveted. ITie top and 
bottom plates are connected with 
the side plates by four angle-irons 
4 inches x 4 inches x -}f inches 
riveted to each. The ends of the 
girders are rendered firm and 
rigid by the large plate shown at 
c c. The roadway of planking is 
supported upon cross beams (b) of wrought-iron resting on the bottom 
flange of the girder and riveted to the side plates; to give still 
further strength and rigidity in this bridge, the inside T irons are not 
continued to the bottom of the girder, but are bent round at </ so as 
to clasp the tops of the cross beams, to which they are riveted. 

As these are not quite so strong as the tubular girders, the constant 
c, in the formula 
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is taken = 75 instead of 80 as before.* Hence in this bridge we 
have: — 

BSCnOKAL ARIA OF TOP. 



One plate, 18 inches x ff 
Two angle-irons, 4 x 4 x |^ 


Sq.in. 

. = 16-75 
. = 9-20 




25-95 


SIOnOHAL ARIA OV BOTTOM. 

One plate, 18 x ^J . 
Two angle-irons 


Sq.in. 

. = 11-2 
. = 9-2 




20-4 



Tona. 

Hence, W = g^g = 137 = Centre breaking weight of one 



girder. 
Or 187 X 2 = 274 = Centre breaking weight of 

bridge. 
And again, 187 x 4 = 548 = Breaking weight of bridge, 

load equally distributed 
over the surface of the 
bridge. 
Which is equivalent to 9'9 = Breaking weight per lineal 

foot. 
Hence, ratio of breaking weight to greatest load is as 9 : 1, when 
40 tons is deducted for the weight of the bridge. 

Figs. 96, 97, exhibit two additional forms of plate girders with 
cellular tops. They are simply modifications of the tubular and plate 
forms, and, although admirably adapted for securing the greatest 
resistance to the force of compression, they are nevertheless objection- 
able on the score of corrosion, which occasionally occurs in the inte- 

* This diminution of strength does not arise from any deficiency in the areas 
of the top and bottom plates of the girder, but from a want of hiteral stiffness in 
the single-plate constmction as compared with that of the tubular form. 
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rior of the cells unless made of capacity sufficient to admit of their 
being cleaned and painted. 

From the time of the experiments which determined the form and 
construction of the large tubular bridges may be dated the introduc- 





Fig. 96. 



Pig. 97. 



tion of wrought-iron beams and wrought-iron girder bridges of almost 
every description. Before that date, (1845-6,) our knowledge of the 
properties of wrought iron, and its appUcation to the useful arts, was 
very imperfect. It had been used in the construction of boilers, 
steam engines, and water wheels, from a comparatively early period, 
and even at that time and for some years previous, it was making 
rapid progress in its appUcation to ship-building. Its properties, 
distribution, and appliance to beams and bridges, were, however, im- 
known and unappreciated imtil the experiments referred to proved 
its superiority over every other material then known for the attainment 
of objects for which it has since been so largely and so extensively 
in demand. As a material for the construction of bridges, wrought 
iron was universally condemned, and some of our ablest mathema- 
ticians went so far as to prove its inefficiency in the shape of rectan- 
gular tubes composed of riveted plates, as being perfectly Utopian, 
and, to employ the expression then made use of, " It would crumple 
up like a piece of leather ! " 

In opposition to these prognostications we have lived to see the 
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contrary, and to witness the wide and universal extension of a 
principle now recognised as one of the most important to the advance- 
ment and extension of the railway system. 

Among the nmnerous constructions founded upon the experiments 
referred to, we have those of Mr. Brunei, as observed in many of 
them peculiar to himself. Mr. Brunei was among the first to avail 
himself of the improvements then suggested, and he was not slow to 
introduce into his constructions such forms and material as in those 
which span the Wye at Chepstow, and the greatly enlarged structures 
now in progress for supporting the Cornish Railway across the tidal 
Estuary at Saitash near Plymouth. Mr. Brunei has moreover availed 
himself of the cellular system in the construction of the large ship 
the ' Great Eastern," and that principle has been applied with cer- 
tainty and effect in affording greatly increased strength and security 
to that large and important structure. 

Other bridges besides those of Mr. Brunei, as exhibited at Chep* 
stow and Saitash, have been introduced by Messrs. Fox and Henderson, 
and others. Taking for example the Bowstring Bridge, in which the 
resisting powers are in the arch from which the roadway is suspended, 
and in the chord line of riveted plates, which have been successfully 
introduced on the principle of chain-riveting and the stiffening of the 
platform as a means of resistance to the tensile strain and the retention 
of the bridge in form. To attain the required rigidity in the arch, 
Messrs. Fox and Henderson have introduced the tubular or cellular 
system, and by a judicious appUcation of plates and angle-iron the 
required stiffness and stability is attained. As a whole, the Bow- 
string bridges may be said to approximate to those of Mr. Brunei, or 
vice versa — as the one is supported or suspended from rectangular 
tubular arches, and the other from a curved circular tube supported 
by rigid frames of cast or wrought iron at each end ; and from these 
again is suspended the roadway, composed of plate girders, by strong 
diagonal and vertical bars of iron. Altogether the principle of these 
two constructions are not widely different, and so far they have 
successfully answered the purposes for which they were intended. 

Attempts have been made, and are now making, to connect the 
chain suspension bridge into an unyielding, rigid structure, which 

82 
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to some extent is successful ; but I would respectfully caution my 
professional contemporaries against those constractions, as I think 
the principle is unsoimd and calculated to lead to disastrous and 
unfortunate results. It is true that the American engineers have con- 
trived to render the Wire Bridge at Niagara sufficiently rigid to admit 
of a railway train crossing at a slow speed; but I would refer the reader 
to the experiments on trussed girders, (page 41,) to show that the 
suspension of a stiffened frame or a rigid girder is not the best form 
in which to apply the material with a view to obtain strength. On 
the contrary, we have proved that a flexible material, when united to 
one that is perfectly rigid, is a dangerous construction, and that it is 
almost next to impossible for them to work together without 
endangering the security of the structure. It has been shown that 
the tension of the bars or chains forming the truss are seldom if ever 
in unison with the bearing powers of the beam it is called upon to 
support ; in some positions of the passing load they are antagonistic to 
each other, and hence follows that overpowering and unequal strain 
which, often repeated, terminates in the destruction of the bridge. 

If a bridge of this description be the only one calculated to meet 
the exigences of any particular case, let it be made double the strength, 
and in doing so it will then become a question whether it would not 
have been preferable to have used the same amount of material in 
another form, and given to the construction all the rigidity and 
strength that is so simply and effectually obtained in the form of the 
common girder.* 

In these very important constructions we could give a greatly 
increased number of examples both as regards form and the objects 
to which they are appUed ; but having already exceeded the limits 
assigned for this department of inquiry, we are compelled to forego 

* Mr. Barlow brought this subject before the mechauical section of the 
British Association for the Adyancement of Science, held in Dublin in August 
last ; and although his designs for the bridge intended for crossing the Foyle at 
Londonderry were ingeniouslj contrived, it will however become a subject of 
mature reflection, on the part of Mr. Barlow, whether a decidedly stronger and 
more effective principle can or cannot be introduced by a judicious application 
of the same quantity of material in a different form and at less cost. 
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farther description, and confine ourselves to a short account of 
the tubular and tubular girder bridge as submitted to the Prussian 
Government for adoption in 1850 and 1851* 



THE PBOPOSED TUBULAE AND TTJBULAE GIEDBE BEIDGES, 
FOB CEOSSING THE EHINE AT COLOGNE. 

During the progress of the construction of the Britannia and 
Conway Tubular Bridges, and shortly after the completion of the 
latter, in October 1849, 1 was invited by His Excellency the Prussian 
minister, Chevalier Bunsen, to visit Berlin and the Rhenish Provinces 
for the purpose of conferring with the authorities, on the expediency 
of erecting a tubular bridge for carrying the railway and general 
traffic across the Rhine at Cologne. 

Some time previous to that visit a chain suspension bridge from 
the designs of the government engineer had received the sanction of 
the Government, and preparations were being made to carry it 
into effect. 

It did not occur to the author of these designs that the flexibility 
of a bridge of this character would render it unsuited to the support 
of railway traffic, and to remedy this serious defect it was intended 
to spUt the trains into sections, and after raising them by machinery 
to the required level of the bridge, to drag them piecemeal by means 
of horses from one side of the river to the other. In this way the 
passage was to be effected, and certainly a more complicated and 
unsatisfactory plan could scarcely have been devised; in fact, one 
better calculated to create delay and inconvenience could hardly 
have been adopted. This very objectionable method of connecting 
the right and left banks of the Rhine, — ^this cutting in twain the 
main artery of communication between eastern and western Prussia, 
at a point above all others the most important to the public, — 
received the sanction of the Minister of Public Works, and to this 
was appended the signature of his Majesty the King. In this posi- 
tion of affairs, being called upon to offer new designs, I had to 
contend, on the one hand, with the preconceived opinions of the 
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engineers and the plans to which they were committed, and on the 
other to prove to the Government the necessity of commencing an 
entirely new system of operations in order to meet all the require- 
ments of the railway and general traffic. 

This was a task which required the utmost prudence and circum- 
spection, and that more particularly when were considered : first, the 
total inefficiency of the proposed plans ; second, the opposition likely 
to be created by the authors of the chain bridge to any suggestion 
that might be made for a new and more perfect structure ; lastly, 
the necessity of proving by direct experiment and the announcement 
of undeniable facts, that works of a similar character and much 
greater magnitude had been executed in England ; and hence that 
there was no difficulty in the construction of a bridge across the 
Rhine, calculated not only to meet all the requirements of a large 
passenger and carriage traffic, but capable of supporting two lines of 
rails and the heaviest railway trains at full speed. 

In the performance of those duties, there were no serious diflB- 
culties to encounter if supported by the authority of the Government 
and the Minister of Public Works, but appearances soon indicated 
opposition in that quarter. Obstructions to the navigation, the 
separate interests of the municipality of Cologne and other objections 
were brought forward to procrastinate and ultimately to prevent the 
introduction of another and more permanent structure. 

It was fully admitted by all parties, and among them by the 
Minister of Public Works, that the tubular system met all the re- 
quirements of the case, and that it would effect within itself not only 
a safe and commodious carriage-way admirably adapted for the local 
traffic between the two towns of Cologne and Deutz, but, what was 
of much greater importance, it would secure the unbroken continuity 
of the great railway thoroughfare, so as to unite, by an undivided 
chain of communication, the two extremes of the kingdom from 
Belgium to the Russian frontier. His Majesty the King, the learned 
Baron Von Humboldt, and other distinguished persons connected 
with the Administration, were fully alive to the importance of this 
undertaking ; and although the suspension bridge had received the 
royal assent and the approval of the executive, it was at his Majesty's 
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request laid aside until the Goveniineiit had made itself acquainted 
with the tubular system and its applicability to bridges of great 
strength and rigidity and of wide span. 

To satisfy the pubhc mind, and to give time and opportunity for 
collecting information on the subject, it was deemed expedient to 
send a commission to England to investigate the subject and report 
upon the various bridges to which it had access, and more par- 
ticularly on those of the tubular kind submitted for inspection. 
These measures were, however, so carefully concocted, that investiga- 
tion was evidently not the object to be obtained, but to gain time, 
and, if possible, to defeat the whole scheme of the tubular system ; 
and this became strikingly apparent when it was found, from an 
article in the KmeSy April 16th, 1850, that the tubular system, not- 
withstanding its success in the completion of the Britannia and 
Conway Bridges, had not found favour with the Bureau of Public 
Works. The following extract from that article will fully explain 
the views of the authorities at Berlin at the time : — 

" The Bridge over the Bhine at Cologne. — ^During the course of 
autumn, 1849, Mr. Fairbaim, of Manchester, was induced by repre- 
sentations made to him through a high official functionary, to propose 
to the Prussian Government a plan for an iron bridge across the 
Rhine at Cologne, on the tubular principle. This plan met with the 
entire approbation of the scientific world at Berlin, was sanctioned by 
the King, and was all but adopted by the Prussian Cabinet. It 
happened, however, that simultaneously with the proposal of Mr. 
Fairbaim, one Oberbaurath Lentze had become convinced that a 
suspension bridge was the true means of communication across the 
Rhine. He had arrived at this conclusion after years of patient 
investigation, and so far worthy of all praise, though it somewhat un- 
fortunately chanced that his discovery was some thirty years too late, 
so that his labours, which would have been at the height of science in 
1820, only served to illustrate a job in 1850. Here, in England, we 
have some little notion of the nature of jobs, but we question whether 
any more colossal in this kind has ever been perpetrated in our 
palmiest days of corruption than the attempt of our worthy friend 
Herr Van der Heydt, in whose paper, if we are not mistaken, the 
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celebrated figment of the payment of £6,000 to the editors of the 
Times by the Danish government first appeared, to bolster up the 
scheme of M. Lentze and to throw cold water upon that of Mr. 
Fairbaim. What mattered it that Baron Humboldt, the Nestor of 
physical science, sided with Mr. Fairbaim, or that the King of 
Prussia in one of his happy moments had graciously extended his 
royal protection to the English engineer ? Was not M. Van der 
Heydt, and the whole army of Prussian bureaucracy, whose name is 
Legion, arrayed on the other side P Still the English scheme must 
be burked officially ; it was to be smothered in due form with the 
Cushion of bureaucracy ; so a commission was appointed to inquire 
into the English tubular bridges ; and of whom do our readers sup- 
pose that it consisted ? Why, of Ilerr Oberbaurath Lentze himself 
and another person, who after dae dehberation set off for England on 
their scientific mission. Why need we detail at length the wander- 
ings of these duumviri of bureaucracy ? — ^how they landed in England 
— how they were received with marked courtesy by Mr. Fairbaim — 
how they saw the Conway bridge, the Britannia bridge, and other 
structures of minor dimensions in Lancashire P Suffice it to say, that 
they were quite bUnd to the merits of tubular bridges, and made 
their report dead against tubular bridges and strongly in favour of 
suspension bridges — a report which was adopted by the govemment, 
that is to say, by Herr Van der Heydt, who forthwith issued his 
famous notice calling upon the engineers of the whole world to 
compete for the honour of contributing to the glorification of Herr 
Oberbaurath Lentze, whose plans have been long since in the bureau 
of M. Van der Heydt, and in all probability will be ultimately 
carried out.'* 

Such was the manoeuvring and such the result of the negotiations 
for the erection of a bridge on the tubular principle over the Rhine. 
Eight years have elapsed since the project was first brought under 
the notice of the Prassian Grovemment. Several years were taken 
for its consideration, and a further period of two years will still be 
required before the stracture arrives at completion. 

It is not my place to say whether the present stracture or its site 
be superior or inferior to the one I had the honour to propose ; that 
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is a question for others to determine. But, taking into account the 
magnitude of the structure, and the accommodation it was calculated 
to afford for a continuous railway and general traffic, I have considered 
the history of its origin and the general character of the work of such 
importance as to entitle it to a separate notice, descriptive of the 
outline of a project which may yet be useful to the public, and of 
some interest in elucidating the means of easy and convenient 
communication between countries divided by wide and rapid rivers.* 

Whilst the importance of a firm and solid rail and roadway bridge 
over wide rivers such as the Rhine cannot be too highly estimated, 
either as a work of art or as forming the connecting link between the 
extreme parts of an empire, yet its erection was entitled to serious 
consideration as a work of considerable difficulty. To construct it 
of wide span so as neither to impede the navigation nor contract the 
waterway, to allow sufficiently large openings for the passage of ice 
in winter and of the huge rafts of timber which are floated down the 
river in summer, would have been a work of no ordinary description, 
and one surrounded by difficulties which would have required the 
utmost care and attention to overcome. 

These requirements would, in my opinion, have been best attained 
by a tubular or tubular girder bridge, and accordingly the following 
projects were submitted to the authorities at Berlin as the most 
eligible for the objects contemplated. Two designs were given : one, 
for a bridge of four spans on the tubular girder system, as the least 
expensive ; the other, of two spans, through the tubes of which the up 
and down trains should pass. In both designs a carriage-way for 
street and road traffic was formed between the tubes, and capacious 
galleries resting on cantilevers were projected from the tubes on each 
side for the convenience of pedestrians. 

These bridges, from their great strength and rigidity, unite a per- 
manence equal to that of stone with a width of span rivalling that of 
the suspension bridge. It may' indeed be said, that they do not 
possess the strength and simple beauty of the arch, nor the aerial 
lightness and harmony of proportion of the catenary, but they contain 

* Some further information on this subject will be found in a letter to Baron 
Yon Humboldt given in Appendix Y. 
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the elements of both, and are admirably fitted for the work they have 
to perform. 

On referring to the plates it will be seen that the projected bridges 
unite the following peculiar advantages : 

1st. They allow the passage of trains at full speed, at all times and 
in every state of the river. 

2nd. They provide a broad carriage-way running parallel with the 
railway but separated from it, in one case by the centre girder, in the 
other by the sides of the large tubes. 

3rd. They have two spacious galleries, each 10 feet wide, separated 
from the railway and roadway by the tubes or main girders, and 
affording a promenade in full view of the river, its shipping, the city 
of Cologne, and the distant mountains. 

Lastly, they have a pair of swivel bridges, one on each side of the 
river, for the passage of the largest vessels, leaving only the smaller 
craft to pass under the bridge.* 

In the approaches to the bridge, carriages would enter from the 
Cologne side by the street which intersects at the east end of the 
Cathedral {Dom, plate 3), and, having crossed the bridge, would by an 
easy curve and descent enter the town of Deutz by the street marked 
Fahrweg on the plan. 

The height of the bridge necessary for allowing the navigation of 
the river would permit the Aix-la-Chapelle line to be continued on 
arches, at its present level, from the existing temporary station along 
the Quay {Bahnhof der Rheinischen Msenbahn) to the general station 
shown on the plan opposite the Cathedral. Hence the station would 
be on the same level as the roadway of the bridge, and under the 
arches on which it is supported would be the depot for goods 
and merchandise. 

On the opposite side at Deutz the railway would descend from 
the level of the bridge to that of the Deutz and Minden line at a 
point where the gradient of 1 in 100 or 1 in 120 would terminate. 

• It was strongly urged upon the Government at Berlin to abandon the 
draw-bridges, but this was decidedly objected to at the time. I have since 
learned, that in the bridge now erecting large vessels must strike their masts, 
as no provision will be made for their passage through the bridge. 
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These bridges are of greater strength than any of equal span 
hitherto constructed^ and are calculated to resist the vibrations caused 
by a train running at its greatest speed or a park of artillery at 
full gallop. 

Explanation of the plates. Plan, plate 3, showing site of Bridge. 
The plan shows the Cathedral, the lower portion of the town of 
Cologne, part of the town of Deutz, and the existing stations of the 
Rhenish and Coin and Minden Railways. The bridge, as will be seen, 
crosses the Rhine directly opposite the eastern windows of the 
Cathedral, and terminates on the other side near the station of the 
Coin and Minden Railway. Carriages and other traffic enter the 
bridge below the Cathedral, and having crossed the bridge descend 
by an incline into the town of Deutz. Foot-passengers may ascend 
the inclined road, or the steps at the land piers of the bridge, and pass 
the bridge on either side. 

Plate IV. Elevation and plan of a tubular girder bridge. The 
bridge consists of four spans, the two middle spans being each 326 
feet span from centre to centre of the piers, and the two end ones 
each 244 feet 6 inches span to meet the drawbridges. The draw- 
bridges revolve upon rollers, moving on iron platforms embedded in 
the masonry, and support the roadway above. This platform would 
be moved by machinery through the quadrature of a circle to permit 
the passing of large vessels, and by the same process moved back till 
it met a stop which rendered it immovable, till it should be again 
opened. These revolving platforms are each 203 feet 9 inches long, 
and open an uninterrupted passage 70 feet wide for the navigation of 
the river by large vessels. 

Fig. 98 is a transverse .section of the bridge at the centre. It 
exhibits the position and proportions of the girders, the width of the 
railway, roadway, and footpaths, and the arrangement of cross-beams 
cantilevers, &c. for supporting each. 

The footpaths extend the whole length of the bridge, and would be 
protected by a strong and handsome balustrade. 

On the cross-beams supporting the roadway, cast-iron plates, four 
feet square, would be laid with projecting ribs on their upper surface 
for receiving a pavement of wooden blocks. It was intended to fill 
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up the spaces above the dividing ribs with a composition of hard 
pulverised limestone or granite, and pitch, rendering the whole 
compact and impervious to wet. 

The permanent way over the railway and footpath would be laid 



n 



^ ..V 



V... 



E ^ *i 1 r ' 


■ 


nr- - p (- - 





with 3-inch planking, bolted to the cross-beams and cantilevers; 
that over the railway being covered with sand to a depth of about an 
inch to prevent danger from the sparks or cinders of the engine. 

The computed strength of the bridge is equivalent to a strain of 
12 tons per lineal foot for the railway, and 8 tons per lineal foot 
for the carriage-way and footpaths; making the bearing powers of 
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one foot across every part of the bridge equal to 20 tons. This is 
equivalent to 21,000 tons, minus 5000 tons, the estimated weight of 
the bridge, or 16,000 tons equally distributed over its surface. The 
greatest load which could ever be brought upon the bridge would be 
to cover the railway with loaded waggons and locomotives, and the 
carriage-way with a drove of cattle ; or both carriage-way and foot- 
paths with a dense crowd of people. This would be equivalent to 
about 2700 tons or 2^ tons per lineal foot. So that the ratio of the 
breaking load to the greatest weight which could come upon the 
bridge would therefore be as 16,000 : 2700, or about as 6 : 1. 

The bearing powers of the bridge are therefore greatly in excess of 
the load, a circumstance of vital importance in aflEbrding sufficient 
security against the vibration of a large and continuous traffic. 

The estimated cost of the iron superstructure of this tubular 
girder bridge is as follows : — 

For the large tubular girders 626 wrought-iron 
cross-beams, 526 cantilevers for supporting foot- 
paths; 21,000square feet of cast-iron base plates, 
expansion and contraction rollers and apparatus; 
delivered free on board, at an English port . 110,000 

Balustrades; packing, &c. for footpaths. Two 
revolving drawbridges, including the requisite 
machinery for working the same 36,000 

Total £146,000 

In the above approximate estimate of ironwork, it is assumed that 
the Government will construct the piers, cofferdams, &c., and find all 
the necessary material for scaffolding and forming the roadway. To 
this would have to be added the freights, carriage, re-erection, &c., all 
of which might amount to £200,000, for the work in its finished 
state ; and taking into account the massive piers, with foundations 
for the swing bridges, scaffolding, arches, and approaches on each 
side, double that sum, or £400,000 sterling, would be required to 
complete the bridge. 

!%€ tubular briifye, of which Plate VI. shows a plan and elevation, 
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and fig. 99, a cross section througli the centre. This bridge would 
cross the Rhine at the same point as the last, and the approaches to 
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it would be nearly the same. It consists of two large wrought-iron 
tubes running parallel with each other, through which the railway 
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trains would pass. Each of these tubes is continuous, and rests on 
three piers at distances of 570 feet 6 inches from each other. Between 
the tubes is the carriage-way, which is shown 24 feet wide but might 
be made 30 feet if required. Along «the exterior of each tube are 
attached the galleries or footpaths supported by riveted cantilevers. 

The lower side of the tubes, calculated to resist tension, would be 
perfectly horizontal, and like the top, which has to resist compression, 
would be made cellular. The top would be a parabolic curve, that the 
girder might be deeper in the centre than at the ends. At the termina- 
tion of the large tubes would be swivel bridges, as in the former case, 
which when open would leave a clear opening of 70 feet on each side 
of the river for the passage of large vessels. 

The peculiar characteristic of this structure is the enormous span 
on each side of the central pier, exceeding that of the Britannia 
Bridge by about 100 feet. The great advantage of this is the free 
passage it affords for the flood waters of the Bhine, the large quan- 
tities of ice, and the timber rafts which float down the stream. 

Another striking feature of this structure is its immense strength, 
and the resistance it offers to the impact of heavy railway trains or 
the oscillation caused by violent winds. 

In this bridge the strength is much greater than in the last, being 
increased in the ratio of the enlargement of the span. Ten tons per 
lineal foot is the estimated strength of each tube, which is equivalent 
to 5500 tons placed in the centre of each span. The resisting 
powers of this bridge, after deducting its weight, would be about the 
same as in the former case; that is to say, 16,000 tons equally 
distributed over the surface. Or the ratio of the breaking weight to 
heaviest load would be as 6 : 1. 

The estimated cost of this bridge would be as follows : — 

The tubes, cross-beams, cantilevers, &c. are es- 
timated at 170,000 

Two drawbridges and the requisite machinery, 
cast-iron frames, expansion rollers, balustrades 
foot-paths, painting, &c 50,000 

Making a total of £220,000 
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for the iron work delivered free at an English port. To this must 
be added all the expenses of freight, carriage, re-construction, masonry, 
scaffolding, &c, which cannot be estimated at less than £240,000 or 
£250,000, making a gross total of £470,000 to complete a railway 
and roadway tubular bridge of two spans over the Rhine. 
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RbHABXS BILATITB to WBOUOHT-ISOir BlAUB. 

CoNSiDEBABLE doubts have been entertained respecting the efficiency of 
wrought-iron beams for the support of arches forming the floors of fire- 
proof buildings. This description of beam has lately been used for 
various purposes, such as those for horizontal bridges and the support of 
wooden floors in buildings; but their application has been confined 
within exceedingly narrow limits ; and until they were first applied experi- 
mentally at Wolverhampton, and subsequently, on a larger scale, at 
Saltaire, for the support of brick arches, they were previously considered, 
from their ductility and liability to lateral flexure, to be unfit for such a 
purpose. These examples have, however, proved this opinion to be 
incorrect, as we have upwards of 100 brick arches supported on wrought- 
iron beams, on the tubular-girder bridges which cross the river Air at 
Saltaire, with a degree of rigidity fully equal to that of cast iron. The 
same may be said of the experimental arches in Messrs. John and James 
Norton's com-miU, where the arches are supported with equal solidity, 
and with more security, than those which spring from cast-iron beams. 

I have deemed it necessary to give these facts, in order to prove the 
superior efficiency of the wrought-iron beam ; their comparative lightness, 
being only one-third of those composed of cast-iron; and their greater 
security from fracture, whether arising from a dead weight or the force of 
impact. 
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No. 11. 



IUpobt ojr TBB Oausbs of thx Fall of ths Oottok-Mill at Qldhah 

IN OOTOBE&y 1844. 

We carefully examined the building, and having noted every particular 
relative to the walls, foundations, iron beams, columns, and their firac- 
tures, are of opinion that the accident has arisen from one of two causes : 
namely, from the falling of the arches in the first instance ; or, what is 
more probable, from the breakage of one of the large beams supporting 
the transverse and longitudinal arches at the extreme gable of the mill. 

From the evidence already adduced it appears that one of the arches in 
the top room (the fourth from the old mill) was observed to- sink some 
days previously to the accident. This arch, which had sunk about four 
inches, was considered unsafe, and the necessary preparations were imme- 
diately made for refixing the centres with a view to its renewal. During 
the rebuilding of the arch (when about one-third of it was completed, the 
middle having been removed, and the other parts renxaining), the building, 
at this critical period, gave way, and, as stated by one of the witnesses, 
the beam broke short by the colunm, and the whole came down with a 
crash. Now, in this view of the case, assuming the evidence to be correct, 
it is obvious that the beam must have been broken from the lateral strain 
of the arches, and not from the weight acting vertically (as assumed) upon 
the beams which remained. In confirmation of this opinion, it may be 
observed, that the middle beanis were improtected from the lateral thrust, 
unless we except an imperfect wooden stay, which from its soft and fibrous 
nature, would easily split or crush by the force of the edge of a flanch of 
only one inch thick pressing upon it. Hence it follows, that the thrust of 
two wide and flat arches would be quite sufficient to fructure the beam, 
and thus loosen or destroy the abutments on each side. The beam being 
ruptured, it is easy to conceive the result which must inevitably follow. 
From the breakage of this beam we may infer a serious and extensive 
accident; but, to our minds, it does not sufficientiy clear up the fnll 
amoimt of injury sustained, nor does it account for the inmiense crash and 
total destruction of the building which took place. One of the middle 
beams, or any one single beam of the building, giving way, could not, in 
our opinion, have made the ruin so complete ; and, having reason to 
suspect some other cause, we were induced to institute a still more minute 
and searching inquiry into the strength and proportions of other parts of 
the structure. 
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On a careful examination of the fractured beams, and more particularly 
of those which stretch transversely across the building, at a distance of 
15 feet from the entrance-gable of the mill, we found a more convincing 
proof of the cause which led to this unfortunate occurrence. These beams 
cany the ends of four other beams, which extend longitudinally from the 
gable on which they rest, as shown in the following sketch. 
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From the above sketch, it will be evident that the beams a, a, a had to 
support a much greater weight than the beams b, b, t, &c. ; consequently 
they required to be made of proportionately greater strength. They were 
mode stronger ; but unfortunately, from inadvertency, or rather from want 
of knowledge, they were strengthened in the wrong place ; and instead of 
additional strength being given to the bottom flanch, which is always sub- 
jected to the greatest strain, it was given to the middle of the beam, where 
it was not required. It is well known, or it ought to be known to every 
person giving instructions for 'the form and construction of iron beams, 
that the strength is nearly in proportion to the section of the bottom rib 
or flanch, other things being the same ; for, according to Mr. Hodgkinson s 
experiments, a bottom flanch of double the size will give nearly double 
the strength. 

These facts having been proved by direct experiment, it is important to 
all those concerned in the construction of fire-proof buildings, in which 
life and property are at stake, that the form of beams and the section of 

t2 
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greatest strength should be thoroughlj understood;* and we would beg to 
refer those unacquainted with the subject to Mr. Hodgkinson's paper 6u 
the strength of iron beams in the fifth volume, second series, . of the 
Memoirs of the Literary and Philosophical Society of Manchester. In 
ordinary cases we should not have troubled the jury with these remarks ; 
but in a case of such importance as the present, where the lives of so 
many persons have been sacrificed,! in consequence of defective knowledge 
and want of skiU in the construction of buildings, we have considered it 
our duty thus publicly to direct attention to the subject, not only as 
regards the present but all future cases, and respectfully to urge upon the 
proprietors of mills, and of other buildings containing work-people, the 
necessity for a more secure and perfect system of building, and for a 
further development of the principles upon which fire-proof edifices are 
based. If this suggestion is properly received and acted upon, we have 
reason to believe that we shall not again have occasion to investigate 
occurrences of so lamentable and so distressing a nature. 

We have already observed, that the beams a, a, a in the preceding 
sketch were strengthened, not, however, in the bottom flanch, but in the 
middle part of the beam, where they were thickened, and where the 
augmentation of strength was almost of no use. Had the same quan- 
tity of metal been given to the lower flanch, these beams (the weakest in 
the building) would have carried nearly double the weight ; and thus, by a 
proper and judicious distribution of the material, the building, as well as 
the lives of the people, would have been saved. 

These observations apply to all the other beams of the mill, which are 
also defective as respects their strength.^ Those transverse beams 
sustaining the ends of the longitudinal beams were acted upon with a load 
of 13f tons. 



* In order to show the impoi'tance of at least a knowledge of first principles vhen 
applied to practice, we have only to take a beam with a single flanch at the bottom- 
thus JL — ^and break it with the flanch downwards, with a weight say 1000. Bevene 
a similar beam from the same model, and again break it with the flanch upwards— 
thus T — ^and we shall find that it only requires 320 to 340 to break it. Most people 
are totally unacquainted with these facts ; and the great majority suppose a beam 
to be as strong laid the one way as the other. Hence the anomalous position in which 
we are sometimes placed. 

t Upwards of twenty persons were killed on the occasion. 

X In computing the weights on each of the beams, it was found that those sup- 
porting the arches of 10 feet 6 inches, and those of 11 feet span, had to support losdi 
of 10 to 11 tons respectively, without machinery. These, when loaded with machineij 
in motion, gave a near approach to the breaking-weighty which, it will be observed, wu 
only 19 to 20 tons. 

I 
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Now, if we take the sections of these beams, and calculate the weights 
necessary to break them when laid upon the middle, it will be foimd that 
the breaking-weights for the beams a, a, a, and b, b, b, &c., fig. 100, will be 
nearly the same, or about 9^ tons. This is^ the breaking-weight of an 
average quality of iron ; and, allowing for the difference of metals, it could 
not be raised much above 10 or 10^ tons. The breaking- weight would, 
therefore, be about 10 tons when the beam is loaded in the middle, and 
20 tons when the weight is equally distributed over the whole surface of 
the projecting flanch of the beam. 

Having ascertained the bearing powers of the beams, we shall next 
compare their strength with the actual loads they were required to sustain; 
and in making that comparison, it must be borne in mind that the two 
beams a, a, fig. 100, next to the side wall, had their load unequally 
distributed, which reduced their bearing powers to 15 tons. 

You wiU now perceive that, on the west side, the beam a was able to 
carry 10 tons : but the cross beams, on the east side, threw the whole 
weight upon the middle of the beam ; and consequently, instead of the 
breaking- weight of the beam a being 20 tons (as it would have been if 
equally distributed), it was only 15 tons, the weight being distributed only 
on one side, the weight on the other side bearing entirely upon one 
point.* Now, the load which these beams had to support was 13f tons ; 
8^ tons being supported on a single point on one side, and 5^ tons dis- 
tributed over the surface of the opposite flanch. 

From this it will be seen, that the actual load was to the breaking- 
weight as the numbers 13*75 to 15, or as 1 to 1*09, showing that the 
actual load was within a mere fraction (one-tenth) of the weight which 
would crush the beam. Such was the critical state in which this 
building was standing just previous to the fall. 

Viewing the subject in this light, and taking the above calculations as 
data, we are no longer at a loss in relation to the cause of the accident. 
Even supposing the arches to have stood, it will be obvious that so close 
an approximation of the actual load to the breaking-weight was extremely 
unsafe; and that under such circumstances, no precautions could have 
prevented the rupture of the transverse beams a, a, a, fig. 100, whenever 
they happened to be subjected to the slightest impact, or to any vibratory 

* There is a wide difference between loading a beam on one point in or near the 
middle, and loading it along its whole length. In the latter case, it would carry just 
double the weight ; coneequently, in beams supporting arches, we have an equally 
distributed load ; so that a beam which would break with 10 tons applied to a single 
point in the middle, will sustain 20 tons, or double the weighty if distributed. 
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motion tending to disturb the parts under strain, and eventually still 
further to lessen their already too-much diminished powers of resistance. 
It is clear that they must have gone at some time or other. I believe 
Mr. Bellhouse to be of the same opinion with myself, that this was the 
real cause of the accident, — that probably, from the vibratory action of the 
mill-geariqg on being started, or from some other cause, the slightest 
shock would fracture either of the beams, a, a, and it is easy to conceive 
how the others would then follow. It would not only carry the gable-end 
down, but it would loosen the arches on the same floor, and the whole 
would inevitably come down in the mass. It would be impossible to 
accoimt for the entire destruction of the building unless the frame-work of 
one floor came down; and one of these beams a, a giving way would 
account for such a catastrophe. 

Irrespectively of the weakness of the iron beams, which we consider as 
the primary cause of the accident, we would beg to advert to the tie-rods, 
which, although sufficient in number and strength, are not judiciously 
placed as respects their position for resisting the strain of the arch, their 
maximum point of tension being at the bottom flanch of the beam : that 
being inconvenient, they should on no accoimt be placed higher than the 
soffit of the arch ; and in this position they would perforate the neutral 
axis of the beam, and give sufficient security to the arch, wijthout im- 
pairing the strength of the beam. Instead, however, of approaching this 
point, they were placed on the top of the beam, and 18 inches from the 
bottom flanch.* 

As respects the arches, we found the versed sine or rise of the arch too 
low. On most occasions they are 1 J inch to the foot ; but in order to 
insure perfect security, we should advise, in all future buildings of this 
description, that the rise be Ij- inch to every foot of span. In the arch 
which first gave way, the rise was only a small fraction above an inch, 
having a rise of only 12 inches in a span of 11 feet 6 inches. 

On viewing the columns, several imperfections were observed in the 
variable thickness of the metal; but in other respects the pillars were 
satisfactory, and presented no features of weakness indicating danger from 
those parts : one inch more in diameter, with the same weight of metal, 
would, however, have given greater strength and greater security. 

* In every description of arch supported by iron beams, it is essential to have the 
tie-rods as low as possible : it is in most cases inconvenient to have them in the line 
of the chord of the arch, or the bottom flanch of the beam ; but in every instance ihej 
should never be higher than the soffit of the arch, and in this position they would 
perforate the neutral axis, as stated above 
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We caimot close this report without adverting to the anxious solicitude 
of Messrs. ItadcIiSe, and the strong desire evinced by them to have every 
part of the structure upon the best and strongest principle ; and we should 
imperfectly discharge our duty on this occasion, if we neglected to bear 
testimony to the superior strength of all parts of the building, except those 
which we have thus described, and on which they could not be expected to 
be able to form an opinion. We cannot expect that gentlemen who are 
not acquainted with the principles of construction should have an adequate 
knowledge of all the proportions and other conditions which are requisite 
in such a building. In conclusion, we have great pleasure in stating, that 
it appears to us that no mere pecuniary considerations were present to the 
minds of Messrs. Badcliffe in the construction of these mills. 

(Signed) WILLIAM FAIEBAIEN, 
DAVID BELLHOUSB. 



No. III. 

On bomb Defsois in ten Pkinczplb and Oonsibuotion of Fibb-pboof Buzldinos. 
By William Faibbaibn, M. List. O.E. 

Read hrfon the Jiemhen of the Inatitvium of Civil Bngineen, AptH 20» IW : 
SzB JoBM Bbvnii, Preaident> in the Chatr. 

The fjAlling of a portion of Messrs. J. and J. L. Gray's cotton-mill, at 
Manchester, is a striking example of the dangerous consequences which 
may arise from the use of cast-iron beams of large span without adequate 
pillars or support. Except in cases of absolute necessity, the superin- 
cumbent mass of brick arches should never be supported by suspended 
girders. When pillars cannot be introduced, the size and strength of the 
girders become a question of importance. Under such circumstances they 
should never be loaded beyond one-third of their breaking-weight. In the 
present instance, two columns might have been introduced between the 
boilers without detriment to any part of the structure. After having 
carefully examined the walls, iron beams, and other parts of the fallen 
building, and noted all the circumstances in connection with the accident, 
I can have no doubt as to the cause which led to the fracture of the beam,, 
and to the consequences which ensued from it. 

In order to arrive at a clear conception of the causes of this failure, it 
will be necessary for me to offer a few preliminary observations, which will 
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not be considered as uselessly bestowed, on a subject of such 'vital import- 
ance as the security of buildings, on which depend not only the fortunes 
of the proprietors, but, what is of tax greater moment, the lives of the 
numerous labourers engaged in the manufactory. 

A crystalline metallic body, like cast iron, when used for the floors of 
fire-proof buildings, bridges, &c. to support heavy weights, is an extremely 
treacherous material. It should be used with great caution, and only 
under the direction of competent persons thoroughly acquainted with all 
its physical and other properties, as well as its powers of resistance under 
different kinds of strain. In order to insure safety and to attain success in 
this respect, the following qualifications are necessary in the person who 
undertakes the construction of buildings of this kind : 

First, A knowledge of the properties and application of the material 
when subjected to three distinct species of strain, namely, torsion, 
compression, and separation, or tearing the parts asunder. 

Secondly, An exact knowledge of the proportion of the parts of a beam, 
so as to have the forces of extension and compression duly balanced when 
the beam is about to undergo rupture £rom a transverse strain. 

Thirdly, A knowledge of the laws which govern the expansion and 
contraction of metals, in order to insure sound castings, and an equal 
degree of tension during the process of cooling. 

These remarks will be found applicable to all cases where cast and 
malleable iron are used in buildings; and they are therefore introduced 
previously to the discussion of the question more immediately under 
consideration. 

The building (longitudinal and transverse sections of which, as it stood 




Pig. 101. 

before the accident, are shown in figs. 101 and 102) was about 40 feet long, 
and 31 feet 8 inches wide; it consisted of two storeys, the lower floor 
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containing three boilers, and the upper storey the machinery at which the 
work-people were employed. Immediately over the room last mentioned, 
and serving for the roof, there was a water-cistern, formed of asphalte, 
which covered the whole of the top of the building, an extent of about 
1270 square feet, and was intended to contain about 1 foot 2 inches depth 
of water. The floor over the boiler-room was composed of three large 
cast-iron beams, of 31 feet 8 inches in span, each 2 feet 3 inches deep at 
the centre, and 1 foot 10^ inches at each end, trussed with wrought-iron 
bars, 2^ inches by 1 inch high, extending from wall to wall, without pillars 
or other supports. Between these beams brick arches were turned, which, 
being levelled and filled up in the groins in the usual manner, formed the 
floor for carrying the machinery in the upper storey, as exhibited in the 
annexed sections, figs. 101 and 102. 




Fig. 102. 

These three lower beams, with the walls, were the only supports for the 
iron columns, beams, and arches of the upper floor, including the cistern, 
which formed the roof. It will be seen, therefore, that they had not only 
to bear the weight of the brick arches and machinery of the first floor, 
but, in addition, half the weight of the iron beams, columns, and brick 
arches of the roof, as well as the water contained in the tank. Assuming 
this cistern to have been filled with water to a depth of only 18 inches 
(the height of the overflow -pipe), it will be found that these lower beams 
were totally inadequate to support the load thus resting upon them. 

Previously, however, to entering upon the calculations, it is necessary 
to refer to the enlarged section of the girder (fig. 101), taken through the 
middle, where the depth of the beam was 27 inches, the area of the bottom 
flanch 19^ square inches, and the area of the top flanch 3'6 square inches, 
the distance between the supports being, as before stated, 31 feet 8 inches. 
Now, the breaking-weight of this beam, supposing it to be cast from metal 
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of ordinary quality, would be about 86 tons. This is exclusive of the 
truss-rods, which, if properly applied to a well-proportioned beam, should 
increase its ultimate powers of resistance from 36 tons to 50 tons; but 
unfortunately these truss-rods were of little use, as the beam evidently 
broke from the crushing or lateral force on the upper side, which, from 
the nature of the fracture, was the first to give way, and consequently 
rendered the truss altogether inoperative. On comparing the strength of 
the broken beam with the load it had to sustain, it will be found, that 
instead of breaking when it did, it should have broken on the first trial, 
when the cistern was filled with water to a much greater depth. 

In computing the weight of the floors, and of the water in the cistern, 
&c., the whole is reduced to a weight acting upon the middle of the beam ; 
and as cast-iron beams will carry just double the weight when it is equally 
distributed over the surface, the whole weight acting in the middle is 
reduced to one-half the entire load spread uniformly over the top of the 
beam. The case is, therefore, nearly as follows : 

The weight of the brick arches on the beam which broke s 20*6 tons ; 
the weight of the machinery on the same = 10 tons; and therefore the 
sum of these pressures acting in the middle of the beam = !!:^t2! 
= 15*25 tons. Again, the weight of the arches and of the iron beams 
of the roof = 23*5 tons ; the weight of the water (18 inches deep) bearing 
on the beam = 14 tons ; and therefore the sum of these two latter 
pressures acting on the middle of the beam = Hl^il = i8-75 tons, the 
total weight of the arched roof acting upon the middle of the beam. 
Hence the total load will be 15*25 + 18*75 = 34 tons, the actual weight, 
when reduced to a force resting upon the middle of the beam. Now, the 
breaking-weight of the beam is 36 tons ; hence the ratio of the load to the 
breaking-weight is as 34 to 36, or as 1 to 1*06, showing very close 
approximation of the load to the breaking- weight. 

It may be asked, how it was possible for beams so critically situated to 
sustain the excess of weight, when the cistern was filled with water to a 
much greater depth than 18 inches, and when each of the large beams 
would have to sustain a load of 41 tons in the middle, the breaking-weight 
being only 36 tons. In reply, it must be stated, that the metal in the 
beams appeared to be sound and good, and that on the first trial they had 
not been subjected to vibratory action, nor to the process of loading and 
imloading, b^ the alternate filling and discharging of the cistern, which 
they had subsequently to undergo, and to which may be attributed in a 
great degree the ultimate failure. 

In the construction of the large girders, the great weight which they 
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would have to sustain was evidently foreseen, as double truss-rods were 
introduced; but two important facts appear to have been lost sight of, 
namely, the weakness of the top rib, and the nature of the strain, where 
the whole weight of the top arches, &c. acted on one point, at the middle 
of the beam. The truss-rods were each 2^ inches wide, and 1 inch thick ; 
but they were reduced at the ends, by the holes for receiving the pins, 
which passed through the beams, and connected them together in the form 
of a link. Supposing the top rib of the girder to have been sufficiently 
strong, and the truss-rods equal in strength to their sectional area of 
2^ inches, the bearing powers of the beam would then have been increased 
(taking the tensile strain at 24 tons per square inch) to nearly 67 tons. 
But the misfortune was, that the top flanch was too weak to resist the 
action of the truss, which, having a tendency to crush the top, already 
deficient in the quantity of material, would rather diminish than increase 
its bearing powers. It is therefore evident that the three large girders, 
although not of the best form, were nevertheless a near approximation 
to it, when acting without trusses ; but with those auxiliaries they were 
decidedly disproportionate, and more particularly defective in the top ribs, 
which rendered them exceedingly precarious, and decidedly unfit for 
supporting the load placed on them. 

In closing these remarks, it may be observed, that on several occasions 
the author has felt it an imperative duty to be very candid when called 
upon to investigate the causes of accidents wherein the lives of the public 
and the security of property were involved ; and although still desirous of 
rendering assistance to Uie utmost of his ability, he is nevertheless 
unwilling to perform the onerous and invidious duty which to a greater or 
less degree, may implicate the professional reputation of gentlemen of 
superior knowledge and acquirement. 

In this instance, as in other investigations of the kind, he has not 
hesitated to declare the exact state of the case ; but for the reasons above 
stated, he approached the present inquiry with some degree of reluctance ; 
and if, in the course of the investigation, he has been under the necessity 
of condemning the principle as well as the practice upon which the 
building in question has been constructed, he feels convinced that his 
motives will be appreciated. In dealing with matters so intimately 
connected with public safety, the interests of companies and individuals 
are best served by a careful analysis as well of the materials employed 
in the structure as of the principles of construction adopted in all its parts. 
It is a matter of considerable importance, that engineers and architects 
should be thoroughly conversant with the strength and other properties of 
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the material which they are employing; and none requii'es greater 
attention and consideration than cast iron, to insure confidence and 
security to all concerned. It is not a knowledge of form and construction 
only that is necessary, but also of the nature of tension and compression, 
as well as of the laws which govern the resistance under strain.* 



No. IV. 

The Box akd xhe Plate Beam. 



The difference in strength between the box and the plate beam, as 
referred to at p. 74, does not arise from any want of proportion in 
the top and bottom sections of either beam, but from the position of the 
material, which in that of the box form offers greatly superior powers of 
resistance to lateral flexure. Other means have been adopted for the 
purpose of increasing the lateral strength of the plate-beam ; and that is, 
by screwing pieces of timber on each side of the plate, and thus, by 
increased stiffness, to render it less liable to warp under strain. This 
form, denominated the sandwich-beam, has been in some situations 
extensively used : it is composed of a plate, without angle-iron flanches, 
between two pieces of timber, depending probably more upon these 
adjuncts than any amount of strength likely to be obtained from the 
centre plate, which in such a position, and in such form, could not be 
considered as a beam. Having doubts as to the powers of resistance of 
this construction, I submitted it to the test of experiment, of which the 
following are the results. 

The beam was 22 feet 6 inches long, 12 inches deep, and 12^ inches 
thick, with a solid plate the same length as the beam, also 12 inches deep, 
and fths of an inch thick. The side timbers were composed of good 
Baltic fir, and bolted oa each side of the plate with 1-inch bolts. The 
beam thus supported was laid upon supports 22 feet asunder; and having 
prepared the apparatus, the weights were laid on as follows : 



* For further particulars see the drawings and deecriptioiu, &e., in the TransactiouB 
of the InBtitutlon of Civil Engineers. 
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Number 
of Experi- 
ment. 


Weiglit 
in tons. 


Defleolion 
ininebes. 


Deflection 

wlienlcad 

waB remoTed. 


RlXABKS. 


1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 


Tons. cwt. 
1 12 

4 

5 
8 

10 
12 

14 

15 

16 

17 

18 


•25 
•50 
•75 
100 
1-30 
1-50 
2*00 
2-25 
2-50 
2-80 
3-30 


• 
1-30 


The last load (1 8 tona) was left on the 
beam for 16 hours, and then re- 
mored, when the beam was found 
to be crippled to the extent of a 
permanent set of 1*80 inches. 



Comparing the results of the aboTe experiments with those of the 
simple plate-girder, and taking the deflection indicated ydth a load of 18 
tons, which was distributed oyer a distance of about 6 feet on the middle 
of the beam, it will be found that this beam is weak ; and its elasticity, 
although considerable, is nevertheless so imperfect as to render it 
inadmissable for the support of great loads, whether proceeding from a 
dead weight, or one in motion rolling over its surface. 

Had the centre plate been so constructed as to have angle-irons riveted 
in the form of flanches, similar to the plate-beam described at pp. 73 and 
74, the timbers on each side would then have been useful in preventing 
lateral flexure ; but they would not have contributed in any great degree 
to the vertical bearing powers of the beam. 

These defects are the more apparent in the compound construction of 
iron and wood, from the position of the iron plate and the difference in 
quality, as well as the resisting powers of the material. Where they are 
united in this form, they can never exert, at one and the same time, those 
duly proportionate powers of resistance which in homogeneous material is 
sure to be fully developed, and calculated to exhibit its full powers of 
resistance. 
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No. V. 

The Bbiboe oyxb the Ehute at Oologke. 

Letter to Baron Humboldt. 

" My dear Baron Humboldt. — I gather from an article which has recently 
appeared in the ' Times ' newspaper, and from a commuiication which his 
Excellency M. Van der Heydt has honoured me with, that a most unfor- 
tunate decision has been come to by the authorities at Berlin, with 
reference to the important structure by which it intended to connect the 
opposite banks of the Rhine at Cologne. It having been my good fortune 
to have been consulted, many months ago, on the subject of this important 
bridge, and to have visited Berlin for the purpose of submitting my pro- 
posals, I hold it due to the warm recommendation which emanated from 
our excellent friend in London, the Chevalier Bunsen — to the lively interest 
you manifested in favour of the object of my journey, and also to the 
gracious approval expressed by his majesty the king of Prussia in person— 
to make known as widely as possible the insuperable objections which, in 
my opinion, attach to the limited programme which has recently been 
issued from the bureau of the minister of Public Works. 

" So far as words can be allowed to convey an intimation of a genuine 
conviction, M. Van der Heydt acknowledged at the palace on the 1st of 
November last, that no structure should ever be allowed to cross the Bhine 
which was not calculated to meet, with perfect security, the utmost require- 
ments of the most extended traffic and the possible contingencies of great 
military operations. Your own enlarged conceptions at once prompted you 
to acknowledge that the design (which at that time had received the sanction 
of the authorities) was totally unfit for these purposes, and to admit that a 
suspension bridge, owing its strength to a flexible catenary, was inadequate 
to the transport of heavy weights. But when I submitted the results which 
had been accomplished in this country by the judicious application of a 
material imtil recently untried in such structures — when I announced the 
successful realisation of one of the boldest conceptions of modem times-* 
when I stated that tidal streams, such as the river Conway and the Menai 
Straits, had been crossed by solid and unyielding bridges of enormous span, 
which were capable nevertheless of sustaining ten times the greatest possible 
strain that the heaviest railway traffic could in practice subject them to, when 
I had shown that this new principle of construction was peculiarly adapted 
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to snrmomit the numerons difficultieB which the passage of the Bhine 
offers, by requiring very few and comparatively small piers in the stream, 
and thus allowing of the passage of large timber rafts in the summer, and 
offering the least possible resistance in times of floods and at the breaking 
up of the ice in the winter ; and, above all, when that a structure so much 
superior could be erected and fixed at an outlay considerably below that 
which had been demanded for a very imperfect one, I confess I was not 
prepared to find the minister of an enlightened and powerful people asking 
for the assistance of the world at large to perpetuate a scheme, unworthy 
of Prussia, unworthy of the practical scientific knowledge of the age, and 
in opposition to the deliberate and carefully weighed opinion of Science's 
greatest ornament. 

" Pardon me for the wannth with which I address to you this remon- 
strance,, but I feel that your unwearied exertions and the friendship which 
you unreservedly testified to me, call upon me to urge, as forcibly as I can, 
the retracing of the unfortunate steps already taken. We live in times of 
progress ; a scientific discovery or a practical improvement of any kind 
cannot be confined to a particular locality or to one country: it becomes at 
once the property of all. This community of knowledge, the most powerful 
destroyer of national prejudices and antipathies, as it is the surest foun- 
dation for general and permanent peace and good will, must ride over and 
bear down individual ignorance and petty bureaucratic objections. Punc- 
tuality and rapidity in our intercommunications have become almost 
essentials of our existence, and in this manner all Europe may be said 
to be interested in the completion of that railway system which will 
traverse the Prussian dominions from one extremity to the other. 

^'And now let jne point out the lamentable imperfections which 
characterise the minister's programme, and the limitations and require- 
ments which will effectually trammel the efforts of men of genius, and 
deter those of experience and reputation from entering at all upon the 
competition. 

" It is an express condition of the scheme that the railway communica- 
tion is not to be continuous, and the public will therefore continue to 
suffer the annoyance and inconvenience of considerable delays ; for it may 
be safely said that the proposal of disintegrating a train at one terminus 
and drawing it across to the other by men or horses, bit by bit, and hour 
by hour, will offer equal if not greater obstacles to a rapid journey than 
the existing system does. How much better would it be that the bridge 
should embody witiiin itself such elements of strength and durability as 
would afford at all times and in all seasons a safe transit by those means 
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of locomotion which constitute the wonder and glory of the age ? Instead 
of such a permanent and substantial structure, will the Prussian Govern- 
ment sanction the erection of one, the feeble and rickety constitution of 
which would shudder at the very sight of a locomotive ? Surely not ! 
Public opinion must step in and forbid it. What is wanted is a bridge to 
connect the existing railways, not one that will permanentiy separate 
them. 

'' But again ; it is stated that the difference between the levels of the 
existing railways and that required for the toadway of the intended bridge 
is too great to be overcome by the locomotive within a short distance of 
length. This objection is purely imaginary, for I can state, from personal 
examination, that the necessary gradient would not be so heavy as several 
which are worked with great ease in this country. Besides, on the left 
bank of the Bhine the terminus of the Aix-la-Ghapelle line is at the right 
level, and that on the side of Deutz may without difficulty be reached by 
an easy gradient of less than 1 in 100. 

'' Without meaning the slightest disrespect to the author of the design 
for the chain bridge, I must repeat my firm and deliberate conviction that 
it would prove an incomplete, an unsatisfactory structure. A permanent, 
inflexible, durable, and handsome bridge, of enormous strength, (the 
breaking weight of the bridge I proposed, with the span of 310 feet, was 
equal to 6,000 tons, or 120,000 cwts., equally distributed over each span, 
giving as the ultimate strength of the bridge with four spans, 24,000 tons, 
or 480,000 cwts.) adapted, by arrangements which I have now in progress 
of execution for similar purposes in this country, to give every possible 
facility to the navigation of the river — calculated to carry across the 
heaviest railway train at any speed, and which you might cover with the 
most powerful ordnance from end to end, may be erected at Cologne 
within the sum which has been demanded for the chain bridge. These 
statements are not the imaginings of a sanguine mind ; but their accuracy 
may be corroborated by numerous examples of a similar character which 
have been erected in this country. 

** If, then, the determination of the Minister of Public Works to erect a 
chain bridge cannot be shaken, I confidentiy anticipate that such an event 
will not be allowed to pass by without a strong protest on the part of those 
who are in advance of the knowledge and judgment displayed by the 
authors of the invitation which has been issued to the engineering world. 

** My letter has attained a much greater length than I at first antici- 
pated. My anxiety to forward your own forcibly expressed views on the 
subject of a fixed bridge must be my apology for it. 
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" With an expression of my profound esteem, and with best wishes for 
your continued good health, 

" Believe me to remain, my dear Baron Humboldt, your very faithful 
and very obedient servant, 

"WILLIAM FAIBBAIBN. 

"HA5CHE8TEB, April 15." 
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